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PREFACE  TO  THE  THIRD  EDITION. 


IN  issuing  a  Third  Edition  of  my  Lectures,  after  a 
period  of  four  years  from  their  first  publication,  I  must 
repeat  the  expression  of  my  gratification  at  the  desire 
evinced  by  the  members  of  the  Engineering  profession 
and  others  to  avail  themselves  of  such  useful  informa- 
tion as  I  have  been  able  to  obtain  during  a  long  and 
successful  practice. 

I  have  only  to  add  that  in  the  present  edition  the 
reader  will  find  the  subject  of  boiler  flues  reconsidered, 
the  results  of  my  own  experiments  on  collapse  fully 
stated,  and  the  rules  for  proportioning  vessels  to  resist 
an  external  strain  (of  which  in  the  first  edition  I  could 
only  lament  our  ignorance)  given  in  a  form  in  which 
they  can  be  easily  applied  in  practice.  I  hope  in  a 
second  volume  to  give  the  entire  detail  of  these  ex- 
periments in  full,  which  will  lead,  I  believe,  to  new 
developments,  and  a  much  more  intimate  acquaintance 
with  the  subject. 

I  have  also  added  a  caution  as  to  the  tables  of  the 
density  of  steam  hitherto  received,  and  I  hope  to 
publish  before  long  more  reliable  data,  derived  from 
direct  experiment,  which  will  modify  generally  accepted 
opinions  in  this  branch  of  science,  and  affect  some 
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deductions   from   them   on   which  dependence  ha*  pre- 
viously been  placed. 

In  a  second  volume  of  Useful  Information,  which  10 
in  preparation,  and  intended  for  publication  before  long, 
I  hope  to  give  some  original  researches,  with  a  new 
series  of  Lectures  like  those  in  the  present  volume. 
resent  there  need  only  be  added  that  this  Volume 
has  been  revised  throughout,  the  plates  engraved  anew, 
and  an  index  added  for  the  convenience  of  reference. 


W.   ?. 

January.  I860. 


PREFACE  TO  THE  SECOND  EDITION. 


THE  early  demand  for  a  Second  Edition  of  this  volume 
is  to  me  a  gratifying  proof  of  a  desire  on  the  part  of 
the  members  of  the  Engineering  profession  to  benefit 
by  the  experiences  of  successful  practice.  The  Lectures 
were  intended  for  Working  Engineers;  and  in  order 
to  secure  for  the  volume  as  wide  a  circulation  as  pos- 
sible, it  is  now  published  at  a  price  which  will  bring 
it  within  the  reach  of  the  humblest  practitioner  in  the 
constructive  arts. 

The  order  of  the  Lectures  has  been  changed  to 
facilitate  reference,  and  ensure  greater  continuity  of 
purpose ;  and  at  the  end  of  the  volume  I  have  placed 
a  short  notice  of  the  results  of  the  experiments  which 
I  have  recently  conducted,  at  the  request  of  the  Royal 
Society  and  the  British  Association  for  the  Advance- 
ment of  Science,  on  the  resistance  of  cylindrical  vessels 
to  compression  from  an  external  and  surrounding  force. 
These  experiments  will  be  found  to  furnish  data,  which 
will  undoubtedly  modify  generally  received  opinions  as 
to  the  strength  of  boiler  flues  and  other  similarly 
situated  cylindrical  tubes. 

W.  F. 

Manchester,  December  1st,  1856 
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IN  presuming  to  offer  useful  information  to  the  members 
of  an  important  profession,  I  would  especially  guard 
myself  against  an  undue  assumption  of  personal  merit, 
and  rather  rest  the  justification  of  the  title  given  to  the 
present  Volume  upon  the  well-grounded  public  opinion, 
that  the  elementary  principles  of  science  are  too  much 
neglected  in  the  study  and  practice  of  engineering. 

It  is  generally  admitted  that  one  of  the  most  popular 
and  useful  forms  of  imparting  knowledge  to  others  is 
that  of  public  and  entertaining  Lectures,  and  I  may 
therefore  state  that  the  Lectures,  which  I  have  now 
the  opportunity  of  publishing,  were  mostly  prepared  at 
the  request  of  the  Directors  of  the  various  educational 
institutions  of  the  North  of  England,  and  delivered  to 
the  mixed  assemblies  of  their  Members.  The  circum- 
stances of  passing  events  gave  to  some  of  the  addresses 
considerable  local  and  temporary  interest;  but  it  does 
not  by  any  means  follow,  that  thus  hastily  conceived,  the 
subjects  of  which  they  treated  were  wanting  in  perma- 
nent value  and  importance  to  the  mechanical  student. 
On  the  contrary,  the  preparation  of  what  I  had  to  say, 
constantly  opened  out  new  fields  of  inquiry,  and  laid 
bare  more  openly  the  deficiencies  in  the  education — and 
therefore  in  the  existing  intelligence — of  a  numerous 
and  important  class  of  society.  My  object  was  to 
impart  to  working  engineers,  in  intelligible  and  simple 
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terms,  all  I  myself  knew  of  the  varied  branches  of 
practical  science  which  their  calling  embraces,  and  hence 
my  main  reliance  was  on  the  results  of  my  own  pr 
and  experience.  But  beyond  this  I  had  necessarily 
to  study  in  the  labours  of  others,  and  my  ac- 
knowledgments are  therefore  due  to  those  authors  whose 

igs  have  been  quoted  in  confirmation  of  my  own 
views.  To  the  writings  of  Robinson,  Arago,  Dalton, 
and  Pambour,  I  am  especially  indebted  for  certain  con- 
firmatory remarks  and  experiments  on  the  nature  and 
properties  of  steam  and  other  elastic  fluids.  There  is 

i  yet  to  learn  in  this  department  of  scientific 
research.  Mr.  .Ionic's  new  theory  of  heat,  and  the 
exj>erimental  inquiries  of  Rcgnault  on  saturated  steam, 
are  likely  to  produce  important  changes  and  greatly 
extended  improvements  in  the  theory  and  construction 
of  the  8 team-engine,  as  well  as  in  the  mechanical 
application  of  other  elastic  fluids,  Deeply  impressed 
with  the  importance  of  the  subject  and  ike  great  diffi- 
cult u-.n  -in-rounding  it,  I  was  induced  to  undertake  the 
task  from  the  consideration,  that  although  I  am  not 
perhaps  the  most  competent  person  to  elucidate  many 
of  the  subjects  treated  of  in  these  Lectures,  yet,  in 
the  absence  of  higher  authorities,  I  felt  I  might  render 
tome  service  to  the  practical  man,  by  placing  within 
his  reach  some  of  the  most  remarkable  laws  of  heat 
connected  with  the  theory  and  application  of  steam  as  a 
mechanical  agent  In  thus  acknowledging  my  own  defi- 
ciencies, I  shall  consider  my  labour  to  be  fully  remunerated 
if  I  succeed  in  engaging  the  attention  of  those  who  are 

ivcd,  by  their  avocations  and  the  limited  time  at  their 
disposal,  of  the  ordinary  means  of  ini 


In  confirmation  of  many  of  the  opinions  advanced  in 
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the  Lectures,  I  have  deemed  it  necessary  to  give  the 
experiments  on  the  strength  of  sheet-iron  plates  and  their 
riveted  joints  in  full ;  as  well  as  the  direct  experiments  on 
the  strength  of  boilers,  on  the  pressure  of  steam  at  different 
temperatures,  and  on  the  causes  of  boiler  explosions. 

To  constructive  science  I  have  given  special  attention, 
and  I  venture  to  hope  that  the  experiments  and  recom- 
mendations relating  to  the  best  form  and  construction  of 
boilers  and  other  vessels  subjected  to  severe  strain  will  be 
carefully  considered  by  practical  boiler-makers  and  engi- 
neers, and  thus  lead  to  greater  security  of  life  and  property. 

In  treating  the  economy  of  fuel  and  the  prevention 
of  smoke,  I  have  endeavoured  to  show  that  economy 
in  the  consumption  of  coal  fuel  is  attainable  without 
smoke ;  and  I  have  converted  the  paper  read  before  the 
British  Association  for  the  Advancement  of  Science 
into  the  form  of  Lectures,  in  order  to  render  the 
subject  easier  of  acquirement  to  those  who  are  desirous 
of  abating  a  serious  nuisance,  and  of  establishing  a 
better  and  more  economical  system  of  combustion. 

It  would  appear  almost  superfluous  to  insist  upon 
the  value  of  a  sound  knowledge  of  practical  science ; 
yet  how  few  possess  it,  and  how  many  will  refuse  to 
admit  that  it  is  essential  to  the  successful  practice  of 
the  mechanical  and  industrial  arts  I  It  cannot  there- 
fore be  too  frequently  or  too  firmly  asserted,  that  in 
order  to  advance  the  science  of  engineering,  we  must 
combine  a  knowledge  of  the  first  principles  of  the  exact 
sciences  with  skill  in  construction ;  —  that  a  perception 
of  and  acquaintance  with  the  unerring  laws  which 
science  reveals,  is  the  only  sound  basis  for  creditable 
results  ;  —  and  with  the  view  of  encouraging  the 
practical  man  in  the  pursuit  of  this  knowledge,  I  have 
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cited  examples  where  industry  and  perseverance  in  the 
I  elopraent  and  prosecution  of  more  than  one  depart- 
ment of  science  and  art  have  led  not  only  to  worldly 
success,  but  to  honour  and  renown. 

Metallic  COT.  MS  open  a   wide  field  for  in- 

gation,  and  volumes  might  be  written  on  this  subject 
before  it  could  be  exhausted.  On  the  present  occasion, 
however,  my  observations  have  been  confined  to  iron 
ship  building,  from  the  circumstances  that  I  was  among 
first  to  take  up  this  important  branch  of  national 
industry,  and  rmbark  in  the  construction  of  iron 
reaaels  upon  a  large  scale.  Nearly  twenty  years  ago 
I  made  a  series  of  experiments  on  malleable  iron 
plates  and  rivets,  the  results  of  which  were  subse- 
quently published  in  the  Transactions  of  the  Royal 
Society,  and  are  now  republished  in  the  Appendix  to 
the  L<rt>ir«.  These  experiments,  as  well  as  those 
undertaken  to  determine  the  form  and  Ptrength  of  the 
Britannia  Tubular  Bridge,  apply  with  considerable 
certainty  to  almost  every  form  of  metallic  construction, 
and  have  already  been,  I  tru.«t,  of  great  value  in 
boil.-r  making  and  ship  and  bridge  building.  In  giv 
my  views  on  this  subject  I  have  not  at  i  to 

r  an  opinion  on  those  forms  of  ships  which  come 
within  the  province  of  the  naval  designer,  but  have 
simply  endeavoured  to  show  in  what  position  the  ma- 
il should  be  placed  so  as  to  attain  the  maximum 
of  strength,  in  th<>  general  mass  in  its  riveted  for 
as  it  appears  in  the  iron  ship. 

In  my  attempts  in  the  succeeding  Lectures  to  in- 
vestigate the  nature  and  properties  of  steam,  practically 
considered,  I  had  to  bring  not  only  the  whole  of  my 
experience  and  knowledge  to  the  task,  but  I  had  to 
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consult  the  writings  of  some  of  the  most  distinguished 
men  of  science  since  the  days  of  Dr.  Black,  when  he 
first  announced  his  theory  of  latent  heat. 

It  was  not  without  great  diffidence  that  I  approached 
this  question,  inasmuch  as  the  labours  of  such  men  as 
Black,  Robinson,  Watt,  Southern,  &c.  in  former  days, 
and  those  of  Arago,  Dulong,  Pambour,  and  Regnault 
of  more  recent  date,  made  me  sensibly  alive  to  the 
difficulties  which,  in  the  present  state  of  our  know- 
ledge, surround  such  an  inquiry.  I  have  referred,  in 
the  course  of  my  investigations,  to  all  these  authorities; 
and  although  much  has  been  accomplished  in  elucidation 
of  the  subject  by  these  writers,  there  is,  nevertheless, 
a  wide  field  yet  to  be  explored  before  our  knowledge 
of  steam,  and  its  application  as  a  moving  power,  can  be 
said  to  be  clearly  and  explicitly  understood. 

Viewing  the  subject  in  this  light,  I  have  not  hesi- 
tated to  direct  the  attention  of  the  practical  engineer 
to  the  new  discoveries  relative  to  the  laws  of  elastic 
fluids,  contained  in  the  researches  of  my  friend  Mr. 
Joule,  Professor  Thompson,  and  Regnault.  To  the 
investigations  of  those  writers  I  am  indebted  for  new 
and  useful  information. 

On  the  employment  and  use  of  high-pressure  steam, 
I  have  dwelt  with  more  than  ordinary  attention :  I  have 
done  so  from  a  conviction  that  we  have  yet  much  to  learn 
in  relation  to  its  application,  retention,  and  improved 
expansion. 

Unquestionably,  considerable  advances  have  been  made 
within  the  last  ten  years  in  the  construction  of  the  steam- 
engine;  but  we  are  still  far  from  having  attained  a 
perfect  construction  either  in  the  land,  the  marine, 
or  the  locomotive  engine.  It  is  true,  that  in  our 
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manufactories  we  are  now  performing  almost  double 
the  work  with  the  same  quantity  of  fuel  that 
formerly  performed;  and  nearly  the  same  improve- 
ments and  economy  have  been  accomplished  by  the 
use  of  high  steam  on  board  our  steamers ;  but  we  have 
still  much  further  to  go,  for  by  a  careful  and  judicious 
application  of  high  steam  —  in  improved  engines,  —  pro- 
bably  working  from  150  to  200  Ibs.  on  the  square  inch, 
we  may  venture  to  look  forward  to  a  new  and  important 
era  in  the  history  of  steam  and  the  steam-engine.* 

I  cannot  conclude  this  Preface,  already  too  long,  with- 
out some  words  of  acknowledgment  to  my  friend  Mr. 
Tate,  for  his  able  mathematical  investigations,  a  labour 
which  has  been  cheerfully  rendered  on  his  part,  and  the 
value  of  which  can  only  be  appreciated  by  those  who,  like 
myself,  have  found  his  researches  so  highly  advantageous. 
If  I  have  reserved  his  name  to  the  last  of  those  to  whom 
I  am  indebted,  it  is  certainly  not  because  I  value  his 
service*  the  least. 

In  conclusion,  I  have  to  express  my  acknowledgments 
to  the  various  Institutions  with  which  I  am  connected, 
for  the  readiness  with  which  they  permitted  me  to  avail 
myself  of  my  contributions  to  their  Transactions  for  re- 
publication  ;  and  I  sincerely  hope  that  the  Volume  now 
offered  may  be  useful,  not  only  to  the  Members  of  those 
Institutions,  but  to  the  wider  circle  of  working  engineers 
for  whom  it  has  been  exclusively  written. 

r,  Dee.  10th,  1855. 


•  The  present  war  has  led  to  the  employment  of  high-pressure  steam 
vessels  in  the  nary,  and  I  mm  glad  to  find  that  the  steam  department  of 
the  Royal  Nary  is  now  alive  to  the  importance  of  using  high  steam  in 
i  of  war.  VtJf  ft  circular  note  just  issued  by  the  Admiralty  at  the 
of  the  Appendix 
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PRACTICAL    SCIENCE. 


LECTURE  L* 

ON  THE  NECESSITY  OF  INCORPORATING  WITH  THE  PRACTICE  OF 
THE  MECHANICAL  AND  INDUSTRIAL  ARTS  A  KNOWLEDGE  OF 
PRACTICAL  SCIENCE. 

IF  I  possessed  a  command  of  language  capable  of  render- 
ing what  I  have  to  communicate  more  attractive,  I  should 

o  •  y 

probably  have  less  difficulty  in  making  the  subject,  on 
which  I  venture  to  address  you,  clearly  and  explicitly 
understood.  I  hope,  however,  notwithstanding  the  diffi- 
culties under  which  I  labour,  to  be  able  to  engage 

*  o    o 

your  attention  on  a  subject  of  some  importance,  inasmuch 
as  its  true  appreciation  may  lead  to  results  in  every  sense 
calculated  to  improve  our  practice  and  enlarge  our  concep- 
tions in  the  pursuit  of  our  respective  callings. 

In  attempting  to  investigate  the  present  state  of  our 
knowledge  of  the  constructive  arts,  I  have  been  induced 
to  believe,  that,  although  we  may  be  considered  to  rank 
amongst  the  first  in  the  art  of  mechanical  design  and  con- 

*  Delivered,  at  the  request  of  the  Directors,  to  the  Members  of  the 
Manchester  Mechanics'  Institution,  March  1852. 
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etruction,  we  are,  nevertheless,  not  the  first  in  some  other 
departments  of  the  useful  arts.  To  make  our  position 
more  clearly  known,  I  shall  endeavour  to  point  out  wherein 
our  superiority  consists,  and  wherein  I  consider  we  are 
ml  tlir  inventive  talent  and  practice  of  other  countries. 
There  cannot  exist  a  doubt  that  we  are  far  from  perfect 
:m«l  h.-ive  mil  .-h  to  learn  in  this  respect.  The  Great  Exhi- 
bition of  last  year  directed  public  attention  to  our  position 
as  an  iw In-trial  people,  and  one  of  the  beneficial  results  of 
that  immense  and  varied  collection  of  constructive  art  is 
observable  in  the  notice  which  the  subject  is  now  beginning 
to  receive,  in  quarters  best  calculated  to  direct  the  public 
taste,  and  encourage  a  better  and  purer  style  of  construc- 
tion. It  is  a  singular  but  an  important  fact,  that  in 
countries  where  the  industrial  arts  are  cultivated  with  the 
greatest  success,  the  principles  on  which  they  are  founded 
should  be  so  imperfectly  understood.  How  very  few  of 
our  best  practitioners  in  Architecture,  Civil  ami  Mecha- 
il  Engineering,  are  acquainted  with  the  rudiments,  or 
even  with  the  simplest  theoretical  rules  of  their  profes- 
sions; and  how  often  have  they  to  depend  upon  chance, 
in -toad  of  sound  elementary  knowledge,  for  the  various 
constructions  on  which  they  elaborate  defective,  if  not 
abortive  results  I  I  have  myself  laboured,  and  still  labour, 
under  tl  Chantages,  and  it  is  from  a  consciousness 

of  this  dc'firicney  tluit  1  now  address  you.  I  do  so  under 
the  impression  that  our  successors  may  attain  greater  dis- 
ti".  ti  n.  a:,  I  greater  <vrtainty,  in  the  strength,  beauty, 
portion  of  thrir  constructions,  than  we  have 
hitli  le  to  accomplish.  At  the  present  moment, 

and  for  many  years  past,  we  have  suffered  severe  infli. •- 
<  on  our  national  pi  Me,  in  being  called  upon  to  witness 
failures  and  abortions  in  the  art  of  construction,  which  a 
cultivated  taate,  superior  skill  and  extruded  knowle 
would  have  prevented.     This  is  a  national  reproach,  and 
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the  example  of  the  past  will  continue  to  be  the  rule  of  the 
future,  so  long  as  we  have  to  grope  our  way  in  the  dark, 
under  the  guidance  of  prejudice  and  ignorance,  instead  of 
being  governed  by  sound  principles  and  correctly  deter- 
mined laws  calculated  to  produce  very  different  and  much 
happier  results. 

To  render  the  subject  on  which  I  purpose  to  address 
you  as  intelligible  and  as  explicit  as  possible,  I  shall 
adopt  the  useful  practice  of  dividing  it  into  heads,  as 
follows :  —  ;. 

I.  On  the  necessities  which  exist  for  a  more  extended 
knowledge  of  science  in  union  with  practice. 

II.  On  the  importance  of  national  schools  and  institutes 
for  imparting  scientific  knowledge  to  foremen  and  managers 
of  works. 

III.  Educational  institutions  established  on  the  conti- 
nent of  Europe  and  in  America. 

IV.  Differences   of  scholastic   institutions   in   this   as 
compared  with  those  in  other  countries. 

V.  On  the  comparative  state  of  our  manufacturing  in- 
dustry as  applied  to  cotton,  during  the  last  and  the  present 
centuries. 

VI.  The  increase  of  other  branches  of  industry  in  a 
similar  ratio  to  that  of  cotton ;  and 

VII.  Self-acting  machines,   and   their   application   to 
constructive  science. 

I.  On  the  necessities  which  exist  for  a  more  extended  know- 
ledge of  science  in  union  with  practice. 

It  is  extraordinary,  that  in  this  country — which,  above 
all  others,  is  famed  for  the  extent  of  its  manufactures, 
mechanical  skill,  and  extensive  practice  in  the  useful  arts 
-there  should  be  no  institute,  nor  any  establishment 
whatever  to  teach  and  instruct  the  rising  generation  in  the 
elementary  rules  of  their  respective  professions :  these,  of 
all  others,  are  the  most  important  to  the  community,  and 
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best  calculated  to  enhance  the  value,  and  extend  the 
influence,  of  our  industrial  resources.  In  my  opinion, 
every  one  should  be  taught  the  rudiments  and  higher 
branches  of  their  professions  upon  the  same  principles  as 
barristers  or  physicians  are  taught,  and  with  this  differ- 
ence only,  that  no  man  should  be  ineligible  to  practise 
his  profession,  whenever  he  has  fitted  himself  for  the 
discharge  of  its  duties;  any  enactment  to  the  contrary 
would  militate  against  the  freedom  of  labour  and  the  em- 

:it  of  capital,  and  if  carried  out  would  paralyse  the 
best  interests  of  a  manufacturing  and  commercial  commu- 
nity. All  persons  intended  for  professional  pursuits  in 
connection  with  the  art  of  construction,  should  have  a 
theoretical  as  well  as  a  practical  education.  They  should 
be  taught  the  fundamental  rules  connected  with  their 
respective  professions,  or  at  least  so  much  of  theory  as 
would  enable  them  to  enter  upon  the  practice  with  some 
degree  of  certainty,  and  that  more  especially  in  the  prac- 
tical 1'inent  of  those  principles  on  which  the  safety 
of  the  public  and  the  success  of  their  professional  career 
dep- 

-  absurd  to  talk  against  theory,  as  if  a  knowledge  of 
the  exact  sciences  was  a  dangerous  and  a  useless  attain- 
ment ;  nothing  can  be  more  erroneous  than  this  impression, 
us  on  close  inspection  there  is  no  ]>IM<  tier  without  theory, 
Any  more  than  there  is  an  effect  without  a  cause.  In  the 
useful  arts,  theory  can  only  be  considered  dangerous  when 
it  is  not  reducible  to  practice,  and  the  real  meaning  of  the 
term  theory,  —  which  creates  so  much  alarm  in  the  mil 
of  j  men, —  i  r  more  nor  less  than  a  series 

ite  rules  by  whirl.  is  governed,  and  thn: 

which  we  derive,  from  fixed  and  definite  laws,  those  sor 
And  drlinit.    result*,  which  of  all  others  it  is  tlu    pin 

•Use  to  accomplish.     In    the    Mechanical 
Art*  how  difficult,  precarious,  and  unsatisfactory  are  the 
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reasonings  of  men  unacquainted  with  first  principles,  and 
how  very  often  does  that  deficiency  lead  them  into  mal- 
const  ruction  and  those  errors  which  a  knowledge  of  science 
would  teach  them  to  avoid !  It  is  true,  that  some  of  our 
first  engineers  and  some  of  our  most  ingenious  mechani- 
cians have  been  men  of  limited  education — men  of  humble 
origin,  but  how  much  more  perfect  would  have  been  their 
labours  had  the  emanations  of  their  minds  and  their  sub- 
sequent constructions  been  based  upon  a  wider  acquain- 
tance with  the  unerring  laws  of  natural  science!  It  was 
a  consciousness  of  his  own  deficiency  in  this  respect 
which  induced  the  late  George  Stephenson  to  give  to 
his  son  a  liberal  education. 

A  knowledge  of  the  exact  sciences  must  be  valuable 
under  every  circumstance  of  life,  and  this  knowledge  when 
united  to  sound  judgment  is  irrevocably  the  forerunner  of 
a  sound  and  perfect  construction.  I  could  multiply  ex- 
amples where  ignorance — as  a  pretender  to  knowledge — 
has  been  productive  of  the  most  untoward  results,  not 
only  in  abortive  attempts  at  construction,  but  in  those  on 
which  the  lives  and  property  of  individuals  depend.  It  is 
not  an  uncommon  occurrence  to  witness  in  works  of  this 
kind  the  most  glaring  imperfections,  a  waste  of  material, 
and  a  total  want  of  proportion  arising  from  the  absence  of 
this  knowledge;  and  in  order  to  lessen  the  number  of 
those  discrepancies,  our  practical  men  should  be  educated, 
and  that  education  should  be  accompanied  with  the  con- 
viction that  sound  practice  can  never  be  attained  without 
some  definite  rule  for  its  guidance.  Fully  impressed  with 
these  views,  and  the  advantages  to  be  derived  from  theory 
in  the  exercise  of  a  well-founded  practice,  I  have  endea- 
voured to  prove  from  evidence  which  I  possess,  that  theory 
and  practice  are  the  twin  sisters  of  science,  and  cannot  be 
separated  without  endangering  the  connection,  or  destroy- 
ing the  beauty,  harmony,  and  solidity  of  construction. 
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II.    On  the  importance  of  national  schools  and  institxt> 
for  impnrting  scientific  knowledge  to  foremen  and  managers 
of  works. 

Before  I  direct  your  attention  to  the  facts  which  I  pro- 
pose to  lay  before  you,  I  would  first  advert  to  the  present 
inefficient  state  of  our  educational  resources,  the  imperfect 
means  we  have  at  our  disposal,  and  the  advantages  we 
might  derive  from  well-conducted  and  well-organised  in- 
stitutions, such  as  are  now  established  and  hold  out  en- 
couragement to  aspirants  for  scientific  distinction  in  other 
countries.  It  is  essential  to  the  prosperity  of  every 
country, — and  to  none  more  than  to  our  own, — that  the 
industrial  arts  should  be  carefully  nursed  and  cultivated 
with  energy  in  every  department,  and  by  the  introduction 

increased  intelligence,  every  end*  av<>ur  should  be  in 

tuatc  to  succeeding  generations  an  improved  and 
healthy  progression. 

To  i-tli •••t  thi-si-dc-irable  objects,  we  must  rear  for  future 
service  a  more  intelligent  and  better  educated  class  of  fore- 
men, managers  and  workmen.     We  must  enlarge  tl 
sphere  of  action  and  prejwire  them  by  suitable  instruction 
[H.-tiv.    calling?.     We  must  offer  them,  at  a 
cheap  rate,  Midi  rudimentary  and  theoretical  knowledge 
as  will  qualify  them  for  the  due  and  faithful  performance 
of  their  duties,  and  thus  raise  them  to  a  higher  .-tandard  of 
racier,  both  as  individuals  and  as  members  of  the  com- 
munity.    To  elevate  the  mind  and  improve  the  intellectual 

meter  of  the  rising  generation  must  be  a  work  of  time, 
hut  the  necessities  of  the  age  demand  increased  intelli- 
gence in  our  workshops,  and  in  erery  other  department  of 
our  national  industry;  and  any  attempt  to  improve  tin- 
u  and  enlarge  the  mental  capacities  of  that  im- 
portant class,  must  eventually  lead  to  the  best  results. 
•  toerery  reflecting  mind  that  societs  n 
stands  still;  there  i*  a  restless  activity  abroad;   and  if 
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ever  we  become  stationary,  it  is  easy  to  foresee  that  others 
will  reap  the  harvest  of  our  past  labours,  and  be  first  in 
the  race  of  national  supremacy. 

It  is  true  we  have  our  Mechanics' Institutes,  Athenaeums, 
Lyceums,  and  many  similar  institutions,  which  do  honour 
to  the  country ;  but  they  are  so  constituted,  or  perhaps 
the  persons  for  whom  they  were  instituted  are  so  consti- 
tuted, as  to  justify  the  observation  that  they  have  failed 
to  serve  the  particular  classes  for  whom  they  were  origi- 
nally intended,  and  they  have  probably  been  still  less 
efficient  as  regards  the  advancement  of  the  industrial  arts.* 
"We  are  still  in  want  of  institutions  and  museums  for  the 
scientific  and  industrial  tuition  of  the  artizan  class,  and 
until  such  institutions  are  established  in  the  metropolis  and 
in  some  of  the  large  towns,  and  in  active  co-operation  with 
the  middle  and  working  classes  themselves,  we  may  look  in 
vain  for  that  combination  of  talent,  in  theory  and  practice, 
the  want  of  which  must  sooner  or  later  seriously  affect  the 
destinies  of  our  manufacturing  and  mechanical  industry. 

III.  Educational  institutions  established  on  the  Continent 
of  Europe  and  in  America. 

Let  us  now  examine  what  has  been  done  and  what  is 
r.ow  doing  in  other  countries  by  means  of  educational  in- 
stitutions of  practical  science;  and  suppose  we  select  the 
"  Conservatoire  des  Arts  et  Metiers  "  at  Paris,  because 
from  this  we  may  learn  our  own  deficiencies,  and  the  evils 
we  are  suffering  in  perpetuating  errors  and  abortions  in 
construction,  which  a  very  small  share  of  rudimentary 
knowledge  would  quickly  remedy.  The  "  Conservatoire 
des  Arts  et  Metiers  "  originated  first  with  Descartes,  and 
subsequently  with  Vaucanson  about  the  year  1775,  and 

*  Since  the  above  was  written  an  institution  has  been  established  which  in 
part  supplies  the  want  here  alluded  to.  I  refer  to  the  Association  of  Fore- 
men Engineers,  at  which  papers  are  read  and  discussions  carried  on,  upon 
mechanical  and  scientific  subjects. 
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from  that  time  up  to  the  present  it  has  received  the  sup- 
port of  the  different  governments  that  have  ruled  France. 
It  is  now  under  the  superintendence  and  direction  of 
Colonel  (now  Gcneral)Morin,one  of  the  highest  scientific 
authorities  of  that  country. 

Colonel  Loyd — one  of  the  special  Commissioners  of 
Great  Exhibition— in  his  letter  to  Lord  Granville, 
says,  "That  the  lessons  we  have  learned  in  passing  through 
extensive  galleries  of  that  college*  must  have  im- 
pressed on  the  mind  of  every  visitor  the  great  superiority 
in  education  which  France  thus  possesses  for  the  indus- 
trial classes;  and  in  connection  with  the  still  more  exten- 
sive branches  of  instruction  in  the  '  Ecole  des  Arts  et 
Mrtirrs,'  it  will  go  far  to  discover  to  us  why  a  nation  so 
close  to  our  shores  still  maintains,  in  several  classes  of 
manufactures  and  designs,  a  superiority  over  the  artists 
.and  workmen  of  our  own  country."  From  this  it  would 
appear  that  almost  any  young  person  in  France  has  ex- 
:«-nt  opportunities  at  command  for  obtaining  both 
theoretical  and  practical  knowledge  in  all  the  department! 
of  the  sciences.  He  can  study  at  his  leisure  the  pro- 
gressive improvements  that  have  taken  place  in  the 
different  machines  connect* •<!  with  the  manufactures,  and 
he  has  before  him  practical  illustrations  and  practical 
specimens  of  materials,  including  models  of  machines  and 
tools  of  every  description,  which  are  here  deposited  and 
reserved  for  purposes  of  instruction. 

^ain  observes,  that  "Education  is  so 
ch<  the  acquirement  of  high  scientific  knowledge 

in  ronniTtioii  with  in tcn> ting  demonstrations  and  manipu- 
lations of  nil  descriptions  becomes  to  the  youth  of  France 
so  fascinating,  that  at  an  early  age  they  often  pass  an  ex- 
amination showing  such  high  qualifications  in  both  science 

•  OB  the  oceMtoa  of  a  rWt  of  the  Royal  CommiMion  and  Jurors  of  the 
Great  Exhibition  to  Farfa,  Augu*  1851. 
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and  the  arts,  that  the  services  of  these  young  men  are 
sought  for  by  all  the  manufacturing  countries  in  Europe." 

Now  what  is  to  prevent  our  having  similar  institutions? 
AVhy  cannot  we  add  to  the  native  energy  and  skill  of  our 
own  artificers,  that  amount  of  knowledge  of  the  exact 
sciences  which  would  enable  them  to  pursue  their  different 
avocations,  not  only  with  greatly  increased  certainty  and 
effect,  but  with  all  the  advantages  whicha  system  of  instruc- 
tion in  practical  science  is  calculated  to  produce,  and  which 
would  ultimately  extend  itself  into  every  branch  of  the 
industrial  and  the  useful  arts  ?  This  might  certainly  be 
accomplished,  provided  we  had  a  more  general  system  of 
national  education ;  a  system,  sanctioned  by  all  classes  of 
the  community,  adapted  to  the  intellectual  wants  of  the 
people,  and  such  as  would  sink  all  religious  differences  in 
the  advancement  and  improvement  of  the  community. 

But  what  does  Dr.  Lyon  Play  fair  say  upon  the  subject, 
in  his  inaugural  address  at  the  opening  of  the  Museum  of 
Economic  Geology?  In  quoting  from  Liebig,  he  observes, 
that  "  the  great  desideratum  of  the  present  age  is  practi- 
cally manifested  in  the  establishment  of  schools  in  which 
the  natural  sciences  occupy  the  most  prominent  places  in 
the  course  of  instruction.  From  these  schools  a  more 
vigorous  generation  will  come  forth,  powerful  in  under- 
standing, qualified  to  appreciate  and  to  accomplish  all  that 
is  truly  great,  and  to  bring  forth  fruit  of  universal  useful- 
ness. Through  them,  the  resources,  the  wealth  and  the 
strength  of  empires  will  be  incalculably  increased.  Insti- 
tutions such  as  these  are  not  substitutes  for,  but  supple- 
mentary to,  our  universities.  It  is  the  industrial  training 
which  we  profess  to  give,  and  nothing  else,  which  is  sub- 
sidiary to  that  object.  Not  that  we  do  or  should  forget 
abstract  science  as  such,  because  I  believe  the  discoveries 
in  abstract  laws  are  of  more  real  benefit  to  industry 
than  their  immediate  application."  It  is  thus  that  the 
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reasons  on  the  necessity  of  union  between  the 

;ific  and  the  practical  student,  and  I  sincerely  believe 

that  there  is  yet  before  us  a  coming  age  when  the  exact 

hysical  truth  will  be  brought  to  bear  upon  the 

constructive  and  useful  arts,  with  the  same  certainty  and 

effect  in  the  practical  operations  of  the  artificer  and  the 

tnio,  as  they  now  do  in  the  laboratory  of  the  chemist 
or  the  observatory  of  the  astronomer. 

in  onler  to  acquire  these  important  desiderata,  we 
must  educate  and  elevate  the  intellect  of  the  industrial 
classes  to  a  higher  standard  of  scientific  acquirement  than 
that  which  at  present  exists,  and  we  must  give  to  the  me- 
chanics and  artisans  of  these  islands  the  same  facilities  for 
obtaining  knowledge  as  exist  in  other  countries.  This, 
you  will  observe,  cannot  be  accomplished  without  schools; 
and  unless  something  is  shortly  done,  we  shall  rather  re- 
cede than  advance  in  the  great  road  of  improvement. 

ivc  already  stated  that  the  French  had  long  wit- 
nessed, net  without,  interest,  the  wants  of  the  rising  gene- 
rticulnrly  as  respects  a  more  extended  know- 
ledge, and  a  sounder  education  for  those  persons  de-fined 
to  follow  industrial  occupations.  To  meet  these  wants, 
the  "  Conservatoire  des  Arts  et  M.  ti.  rs"  was  established 
Professors  were  appointed  to  give  lectures  and  instruc- 
tion in  arithmetic,  elementary  geography,  weights  and 
measure*,  statics,  descriptive  geometry,  stone-cutting, 

n try,  cabin ct-makere'  work,  persp<  «-ti\.-,  mechanics, 
transmission  of  motion,  hydrodynamics,  including  d< 
tions  of  instrument*  of  nil  kinds,  designing  —  plain  and 
ornamental,  machinery,  architecture,  and  many  other  im- 
portant subjects,  at  a  cheap  rate.  These  comprise  a  course 
of  instruction  givm  to  upwards  of  300  students,  who  re- 
ceive an  education  fitting  them  for  situations  in  the  higher 
branches  of  construction,  in  the  military  as  well  as  the 

professions,  and  hence  arises  the  superior  knowledge 
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in  that  country  which  is  brought  to  bear  upon  the  useful 
arts. 

But  even  this  school  was  not  sufficient  to  meet  the 
growing  demand  for  knowledge  in  France,  and  some  years 
since  it  was  followed  by  another,  entitled  the  Central 
School  of  Arts,  "  Ecole  centrale  des  Arts  et  Manufactures" 
In  this  school  the  middle  classes  receive  an  excellent 
education,  and  some  of  the  most  distinguished  men  in 
France,  such  as  Olivier,  Martelet,  Masson,  Dumas,  Be- 
langer  and  many  others,  do  not  hesitate  to  give  lectures, 
and  conduct  the  different  branches  of  practical  science. 

In  other  countries  besides  France,  the  same  attention 
has  been  bestowed  upon  the  education  of  the  mechanic 
and  the  artisan.  Prussia  is  famed  for  its  educational  in- 
stitutions, and  the  Government,  in  its  solicitude  for  the 
well-being  of  society,  renders  it  imperative  that  every  per- 
son in  the  Prussian  dominions  should  be  educated. 

A  distinguished  writer,  speaking  of  societies,  says  that 
"  associations  for  occasional  discussion,  of  men  pursuing  the 
same  or  similar  studies,  have  long  been  found  advantage- 
ous for  the  intercommunication  of  the  difficulties,  the 
doubts  and  the  discoveries  of  students.  In  more  recent 
times,  when  each  art  has  gradually  connected  itself  with 
the  sciences  on  which  its  success  depends,  the  importance 
of  these  meetings  has  become  obvious  to  the;  manufacturer, 
although  in  this  country  it  may  not  have  become  appa'rent 
to  the  statesman."  In  these  sentiments  we  have  every 
encouragement  for  the  intercommunication  and  discussion 
of  opinions,  and  I  cannot  too  forcibly  impress  upon  your 
minds  the  necessity  which  exists  for  forming  yourselves 
into  societies  for  mutual  instruction. 

IV.  Differences  of  scholastic  institutions  in  this  as  com- 
pared with  those  in  other  countries. 

The  Accademia  del  Cirnento  of  Italy,  the  "Royal  Society 
of  London,  the  Academy  of  Sciences  at  Paris,  have  had 
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a  long  scries  of  imitators  in  the  principal  cities  of  the 
civilised  world.  The  increasing  extension  of  science,  and 
the  wants  of  its  cultivators,  have  led  them  to  a  subdivision 
of  their  pursuits,  and  to  form  societies  generally  devoted 
to  each  separate  department  of  science.  The  diffusion  of 
scientific  knowledge,  so  graphically  described  by  Babbage, 
is  still  far  short  of  the  objects  it  is  desirable  to  attain.  In 
this  large  and  important  manufacturing  district,  we  have 
no  museum  of  the  arts  and  manufactures,  no  collection  of 
the  various  raw  materials  so  extensively  consumed,  no 
depository  for  models  or  machines  for  illustration,  and  no 
public  professors  to  direct  and  demonstrate  the  truths  of 
natural  science.  Everything  is  left  to  the  noviciate  him- 
self, and  provided  he  is  ardent  and  enthusiastic,  he  may 
rise  to  distinction  by  the  force  and  energy  of  his  own 
mind ;  but  very  limited  indeed  is  the  assistance  he  is  likely 
to  derive  from  the  institutions  of  his  country.  I  h 
myself  contended  against,  and  overcome  to  a  certain  ex- 
tent, the  struggles  and  difficulties  which  always  be.-ct  the 
early  and  also  the  after-life  of  the  self-taught  aspirant  in 
the  walks  of  science;  and  fully  persuaded  that  these  diffi- 
culties frequently  overpower  the  good  resolutions  of  the 
student  at  the  very  threshold  of  his  labours,  I  am  the 
more  anxious  to  see  them  removed,  and  at  the  same  time 
to  see  established  in  this  city*  an  industrial  museum  and 
institute  calculated  to  meet  the  wants  of  the  public,  and 
to  afford  to  our  successors  those  advantages  of  elementary 
instruction  which  have  unfortunately  been  denied  to  our- 
selves, but  which  are  imperative  for  securing  the  ascendency 
and  success  of  our  manufactures  in  every  branch  of  industry. 
I  will  not  detain  you  with  further  observations  on  this 
part  of  the  subject;  suffice  it  to  observe,  that  I  entertain 

•  Not  only  in  Manchester,  the  city  to  which  I  refer,  but  in  many  town* 
in  the  kingdom,  hiring  a  claim  to  an  improved  and  general  system  of 
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hopes  that  the  Great  Exhibition,  so  recently  closed,  has 
not  only  shown  what  can  be  done  by  united  efforts,  but 
has  imparted  a  stimulus  that  has  been  felt  in  the  remotest 
parts  of  the  kingdom ;  and  this  will,  I  trust,  not  only 
inspire  the  public  mind  of  this  district  with  a  desire  to 
erect,  but  liberally  to  endow  an  institution  calculated  to 
promulgate  the  truths  of  science,  and  enlarge  the  field  of 
observation  in  every  department  of  industrial  pursuit, 
and  which  in  future  ages  will  speak  well  for  the  talent 
and  industry  of  our  times. 

I  have  now  to  direct  your  attention  to  a  few  remarks 
on  those  constructions  which  have  done  so  much  for  the 
country,  and  which  now  afford  employment  to  so  many 
thousands  of  persons  in  these  districts. 

V.  On  the  comparative  state  of  our  manufacturing  in- 
dustry as  applied  to  cotton,  during  the  last  and  the  present 
centuries. 

Before  entering  upon  the  more  immediate  objects  which 
I  have  selected  for  your  consideration  in  the  next  lecture, 
permit  me  to  offer  a  few  observations  on  a  subject  ex- 
ceedingly interesting,  and  to  which  I  beg  to  direct  your 
attention.  If  we  take,  I  will  not  say  a  statistical,  but  a 
very  cursory  view  of  the  present  position  of  Manchester, 
and  compare  it  with  what  it  was  at  the  close  of  the 
last  and  the  commencement  of  the  present  century,  we 
shall  find  that  at  that  period  the  useful  and  industrial 
arts  were  comparatively  of  little  importance.  We  shall 
also  find  that  the  germs  of  a  new,  and  above  all  others, 
an  important  branch  of  manufacturing  industry,  were 
springing  into  existence.  I  have  no  correct  returns  of 
the  state  of  our  manufacturing  industry  at  that  period, 
but  the  writings  of  one  of  the  earliest  and  most  intelli- 
gent spinners,  Mr.  John  Kennedy,  of  Ardwick,  to  whom 
this  country  is  indebted  for  many  improvements  in  ma- 
chinery, inform  us  that  the  spinning  of  cotton-yarn, 
antecedent  to  the  year  1768,  was  of  an  exceedingly 
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limited  description.  That  gentleman,  in  his  account  of 
the  rise  and  progress  of  the  cotton  trade,  states  that  the 
hand-loom,  as  a  machine,  remained  stationary  for  a  great 
number  of  years  without  any  attempts  at  improvement, 
until  17oO,  when  Mr.  John  Kay,  of  Bolton,  first  intro- 
duced the  fly-shuttle,  and  that  the  spinning  of  cotton- 
yarn,  until  that  period,  and  for  many  years  previous,  was 
almost  entirely  j»«  rfonned  by  the  family  of  the  manufac- 
turer at  his  own  home.  This  united  and  simple  process 
went  on  till  it  was  found  necessary  to  divide  their  lal>« 
and  to  separate  the  weaving  from  the  spinning,  and  that 
again  from  the  carding  and  other  preparatory  processes. 
This  division  of  labour,  as  Mr.  K«  nnedy  truly  says,  led 
to  improvements  in  the  carding  and  spinning,  "  by  first 
introducing  simple  improvements  in  the  band  instruments 
with  which  they  performed  these  operations,  till  at  length 
an'md  at  a  machine,  which,  though  rude  and  ill- 
constructed,  enabled  them  considerably  to  increase  t: 
produce."  Thus  it  was  that  improvements  and  the  <1 
sion  of  labour  first  led  to  the  factory  system,  and  to  that 
splendid  and  cxtcn-ive  process,  which,  at  the  present  mo- 
ment, and  for  many  years  to  come,  will  affect  the  destinies 
<>f  n  a i<>ns,  both  as  regards  their  political  and  commercial 
prosperity. 

n  1750  to  177<),  u-l.rn  Mr.  IJargreaves,  of  Black- 
burn, fir.-t  introduced  his  spinning  jenny,  by  means  of 
which  a  Noting  person  could  work  t'n.m  ten  to  twenty 

ili  -   in  .-Mr.  there  was  little  or  no  < 

but  a  very  mat* -rial  alteration  took  place  shortly  after 
introduction  of  the.-'  nts,  which    were   imme- 

diately    followed     by    Mr.    Arkwright's    machinery 
carding  and   roving.0      These,   accompanied   by  the  in- 

•  Through  the  kindneM  of  my  friend  Mr.  Kmnr.lr,  I  hare  now  in  my 
JNMHMwioo  an  account  of  the  trial  in  the  Court  of  King'*  Bench  to  repeal 
*  patent  granted  on  the  16th  of  December,  1775,  to  Richard  Arkw. 
for  an  invention  of  certain  instrument!  and  machine*  for  preparing  silk, 
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troduction  of  Mr.  Crompton's  mule  in  1780,  may  be 
justly  considered  as  the  origin  of  the  factory  system, — a 
system  which  has  grown  to  such  colossal  dimensions,  as 
to  render  it  one  of  the  most  important  and  most  ex- 
tensive branches  of  manufacture  ever  known  in  the 
history  of  ancient  or  modern  times. 

"  Mr.  Arkwright  built  his  first  mill  at  Cromford,  in 
Derbyshire," — I  again  quote  from  Mr.  Kennedy, — "  in 
1771.  It  was  driven  by  water;  but  it  was  not  till 
1790,  or  some  time  after,  when  the  steam-engine  of 
Watt  came  into  use,  that  the  cotton  trade  advanced  at 
such  an  accelerated  speed,  as  to  render  its  increase  and 
present  magnitude  almost  beyond  conception.  This 
immense  extension  is  not  only  a  subject  of  deep  interest 
to  the  philosopher  and  statesman,  but  one  which  is  likely 
to  furnish  a  large  field  of  observation  for  the  future  his- 
torian of  his  country." 

I  will  not  trouble  you  with  the  statistics  of  the  cotton 
trade  as  it  now  exists,  but  simply  observe — as  many  of 
you  are,  doubtless,  better  informed  on  this  subject  than 
myself — that  I  am  within  the  mark,  when  I  state  that 
not  less  than  31,500  bales  of  cotton  are  consumed  weekly 
in  the  two  kingdoms  of  England  and  Scotland;  that 
nearly  twenty-one  million  spindles  are  almost  constantly 
in  motion,  spinning  upwards  of  105,000,000  hanks,  or 
50,000,000  miles  of  yarn  per  day,,  in  length  sufficient 
to  circumscribe  the  globe  2000  times.  Out  of  this 
immense  production  about  131  millions  of  Ibs.  of  yarn 
are  exported ;  the  remainder  is  converted  into  cloth,  lace, 
an<l  other  textile  fabrics.  This  marvellous  increase,  this  im- 
mense extent  of  production,  could  not.be  effected  without 


cotton,  flax,  nnd  wool  for  spinning.  This  trial  took  place  at  Westminster 
on  the  25th  of  June,  1785,  and  closed  on  the  14th  of  July  of  the  same 
year,  when  the  Court  gave  judgment  to  repeal  the  letters  patent. 
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considerable  changes  in  the  prospects  of  the  moral  as  well  as 
the  physical  condition  of  society.  It  has  entirely  changed 
the  position  of  the  resident  population  of  the  district; 
and  the  secluded  valleys,  farm-houses,  and  neat  cottages, 
— the  beauties  of  a  Lancashire  landscape  of  the  last 
generation,  —  are  rapidly  giving  way  from  the  conversion 
of  villages  into  populous  towns,  with  innumerable  erec- 
tions which  resound  with  the  busy  hum  of  the  spindle 
and  the  shuttle. 

Along  with  these  changes  we  perceive  a  new  genera- 
tion springing  into  existence.  Factories,  steam-engines, 
and  tall  chimneys  rising  in  every  direction,  and  the  noise 
and  smoke  which  meet  the  eye  and  the  ear  of  the  stranger 
at  every  step,  give  evidence  of  the  activity  and  prosperity 
of  the  industrious  hive,  which  at  some  future  period  of 
English  history  will  announce  to  succeeding  generations 
the  inventions  and  the  discoveries  of  the  nineteenth 
century. 

In  this  attempt  to  place  before  you  a  short  and 
succinct  account  of  the  rise  and  progress  of  our  national 
industry,  I  must  not  forget,  that  yarn,  however  finely  and 
dexterously  spun,  is  not  cloth ;  and  here  we  enter  upon 
another  and  equally  ingenious  process.  The  yarn  must 
be  woven  before  it  is  fit  for  use,  and  we  shall  find  weav- 
ing one  of  the  most  interesting  as  well  as  one  of  the  most 
elaborate  operations  of  the  useful  arts.  I  need  not  in- 
form you  how  the  ancient  Hindoos,  Egyptians,  and  pro- 
bably the  early  Chinese,  converted  their  yarn  into  cl< 
Tin-  Indian  and  Oriental  department  of  the  Great  Ex- 
hibition exhibited  the  rude  and  primitive  character  of 
their  looms  and  other  implements  of  manufacture  \\liirh 
have  been  handed  down  from  generation  to  generation, 
from  the  earliest  periods,  without  change  or  im  pro  ve- 
nt, to  the  present  day.  Looms  of  this  rude  constric- 
tion were  introduced  into  Europe  during  the  first  glimpses 
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of  civilisation,  and  for  many  centuries  even  the  most 
advanced  nations  were  content  to  use  the  same  instru- 
ments almost  without  improvement  until  the  introduc- 
tion of  the  flying  shuttle,  and  the  subsequent  inventions 
of  Watt  and  Arkwright,  opened  a  new  and  untrodden 
field  for  improvements  in  every  department  of  art  and 
manufacture. 

Power-looms  at  that  period  were  unknown,  and  although 
attempts  were  made  by  Dr.  Cartwright,  as  early  as  1774, 
to  convert  the  hand-loom  into  a  machine  to  be  moved  by 
power,  it  was  not  until  the  beginning  of  the  present  cen- 
tury that  the  power-loom  assumed  its  present  form  and 
presented  that  intelligence  of  structure  which  rendered  it 
self-acting,  and  enabled  it  successfully  to  compete  with  the 
hand-loom  process.  From  that  time,  about  1810  to  181 2, 
we  may  date  the  commencement  of  the  great  increase  in 
this  important  branch  of  our  manufactures. 

The  improvements  introduced  by  Mr.  Bennet  Wood- 
croft  and  others  for  weaving  twills  and  similar  fabrics 
created  new  expedients  and  applications,  and  greatly  in- 
creased the  demand  for  this  description  of  manufactures ; 
whilst  the  invention  of  Jacquard  for  weaving  figured  cloth 
startled  every  one  by  the  facility  of  its  application,  and 
the  extreme  ingenuity  and  beauty  with  which  it  accom- 
plished the  almost  perfect  development  of  that  description 
of  manufacture. 

The  increase  and  extent  of  cloth  manufactured  from 
power-looms  may  be  estimated  from  the  official  returns 
kindly  furnished  me  by  Mr.  Leonard  Homer,  the  intel- 
ligent Factory  Inspector.  There  are  now  at  work  in  the 
United  Kingdom  about  250,000  power-looms ;  and  as 
each  loom  will,  upon  the  average,  produce  from  five  to  six 
pieces  of  cloth  per  week,  each  piece  being  28  yards  long, 
say  25  yards  a  day  per  loom,  we  shall  then  have  250,000 
x  25  =  6,250,000  yards,  or  3551  English  miles  of  cloth 

c 
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per  day,  equal  to  the  distance  between  Liverpool  and 
New  York.  Only  think  of  the  importance  of  such  an  ex- 
tent of  manufacture ;  a  manufacture  that  employs  upwards 
of  12,000  hands  inweaving  alone;  supplying  from  that 
source  —  the  power-loom — an  annual  produce  of  cloth 
that  would  extend  over  a  surface,  in  a  direct  line,  of 
upwards  of  1,000,000  miles  I  These  statistical  returns 
are  important  and  interesting,  as  they  show  the  extent 
to  which  the  manufactures  of  the  country  have  been 
carried. 

VI.   The  increase  of  other  branches  of  industry  in   a 
similar  ratio  to  that  of  cotton. 

In  my  endeavours  to  trace  the  advances  made  in  the 
cotton  trade,  I  have  not  attempted  to  enumerate  the 
ious  circumstances  which  have  influenced  the  im- 
provements and  extension  of  that  manufacture ;  nor  is 
it  my  intention  on  this  occasion  to  notice  the  almost 
equally  important  advances  which  have  taken  place  in 
other  textile  fabric.*,  such  as  may  be  seen  in  the  linen, 
silk,  woollen  and  mixed  goods  manufactures.  From  all 
these  springs  of  industry  have  flowed  innumerable  benefits; 
and  notwithstanding  the  accelerated  speed  at  which  the 
industry  of  the  country  is  moving,  we  have  only  to  in- 
stance the  constant  in< -rra.se  of  the  populous  towns  of  Lan- 
cashire and  the  West  Hiding  <>i  York-hire,  particularly 
Bradford,  Iliiddcrsficld  and  Halifax,  to  arrive  at  the  con- 
ion,  that,  although  much  has  been  done,  much  has  yet 
to  be  accompli  !><-d  before  the  supply  equals  the  demand. 
Tin:  principal  object,  however,  which  I  have  in  view  in 
thin  address  is,  in  addition  to  education,  to  direct  attention 
to  t  -ion  in  those  important  branches  of  art, 

on  which,  in  a  great  measure,  the  prosperity  of  our  manu- 
factures depends;  and  also  to  those  great  sources  of  national 
wealth— railways  and  steamboats;  and  it  will  alll.nl  me 
unmixed  satisfaction,  if,  in  the  observations  I  have  to 
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offer,  there  should  be  found  such  an  amount  of  practical 
and  useful  knowledge  as  may  lend  to  the  improvement 
and  extension  of  those  industrial  resources  to  which  I  have 
devoted  so  many  years  of  my  experience. 

It  must  appear  obvious  to  those  who  have  studied  and 
watched  attentively  the  unwearied  exertions  and  con- 
tinued advancement  which  have  signalised  the  energies 
of  our  engineering  and  mechanical  industry,  and  the  diffi- 
culties and  dangers,  however  formidable,  that  have  been 
encountered  and  surmounted  by  the  indomitable  spirit, 
skill,  and  perseverance  of  the  British  engineer,  that  the 
ingenuity  and  never-failing  resources  of  our  mechanical 
population  are  not  only  the  sinews  of  our  manufactures, 
railways  and  steamboats,  but  the  pride  and  glory  of  our 
country.  It  is  for  this  important  class  that  I  have  ven- 
tured to  address  you,  and  I  trust  the  time  is  not  far  dis- 
tant when  we  shall  witness  establishments  suitable  for 
their  education ;  an  education  which  above  all  others  will 
teach  them  to  reason  and  to  think,  and  afford  a  more  cor- 
rect knowledge  of  physical  truth.  To  these  we  may  add 
a  clearer  conception  of  the  varied  forms  and  manipulations 
of  art,  including  those  other  springs  of  industry  in  which 
the  true  interests  of  the  country  consist. 

On  this  subject  I  have  endeavoured  to  lay  before  you 
such  views  as  I  considered  necessary  for  the  improvement 
and  increased  prosperity  of  a  class  that  requires  instruction, 
and  further,  to  raise  them  in  their  moral  and  social  condi- 
tion to  a  higher  standard  of  character  than  they  at  present 
occupy.  In  support  of  these  views,  I  have  submitted  for 
consideration  the  importance  of  early  training,  the  want 
of  institutions  with  competent  masters,  and  the  necessity 
which  still  exists  for  a  better  acquaintance  with  natural 
science.  To  these  I  have  directed  your  attention  in  order 
to  ensure  an  enlarged  and  better  system  of  instruction, 
and  at  the  same  time  to  make  every  individual  of  this  class 
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intelligent  as  well  as  useful  members  of  the  community. 
Now  this  desirable  object  cannot  be  accomplished  by 
schools  or  schoolmasters  alone ;  we  must  ourselves  sym- 
pathise with  the  teachers,  and  depend  upon  our  own 
resources,  if  we  desire  to  attain  the  elements  of  instruc- 
tion as  well  as  their  practical  application.  We  must 
bring  the  whole  powers  of  the  mind  to  bear  upon  the 
subject  we  wish  to  learn ;  we  must  reason  and  think,  and 
accustom  ourselves  to  the  exercise  of  those  powers  of 
analysis  which  are  calculated  to  remove  difficulties,  and  to 
pave  the  way  by  inductive  reasoning  and  simple  demon- 
stration for  the  attainment  of  truth.  Let  me  point  to  one 
or  two  examples  in  the  history  of  distinguished  men  to 
show  what  has  been  done  by  those  who  have  laboured  in 
the  field  of  science,  and  who  have  attained  an  honourable 
position  by  their  unflinching  perseverance  in  the  cultiva- 
tion of  the  useful  arts.  Most  of  you  are  doubtless  ac- 
quainted with  the  early  difficulties  which  beset  the  career 
of  the  journeyman  printer,  Benjamin  Franklin,  but  which 
were  overcome  by  his  perseverance  and  never-tiring  in- 
dustry ;  and  you  have  heard  how  James  Ferguson,  when 
a  shepherd-boy  in  Aberdeenshire,  used  to  lie  on  his  back 
in  the  winter  nights  with  an  old  blanket  about  him,  and 
map  the  stars  as  they  passed  the  meridian.  Jamrs  V. 
by  the  resources  of  his  own  mind  and  a  knowledge  of 
physical  truth,  made  himself  an  imperishable  name  in  the 
walks  of  practical  science,  and  conferred  upon  mankind 
that  multiplying  and  inestimable  blessing,  the  steam- 
engine,  which,  though  in  its  infancy,  is  changing  the 
relative  condition  of  mankind,  is  bringing  within  our 
reach  the  productions  of  every  land,  and  is  doubtless  des- 
tined to  work  out  for  the  human  race  still  greater  wonders. 
To  these  great  men  may  be  added  the  names  of  my  lii«:hly- 
respected  friends,  the  late  John  Dal  ton  and  George  Ste- 
phenson;  both  of  them  taught  in  Nature's  school,  and 
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who,  mainly  dependent  on  their  own  resources,  have  won 
;i  place  in  the  niche  of  fame. 

These  are  examples  which,  with  many  others  that  might 
be  mentioned,  I  could  wish  you  to  follow ;  they  are 
worthy  of  imitation,  and  your  efforts  in  search  of  know- 
ledge, if  characterised  by  the  same  determined  perseve- 
rance, will  be  equally  successful.  Let  not,  however,  a 
want  of  success  at  the  commencement  deter  you  from  the 
pursuit.  We  cannot  all  be  great  men,  but  every  man, 
whatever  may  be  his  condition  in  life,  may  derive  benefit 
from  a  knowledge  of  nature's  laws  and  their  application 
to  our  physical  wants. 

Having  thus  far  shown  the  necessity  for  study  and  ap- 
plication in  the  pursuit  of  knowledge,  let  us  now  see  how 
it  can  be  applied  amongst  the  varied  forms  and  conditions 
of  our  industrial  establishments.  To  every  reflecting 
person  it  must  be  evident,  that  an  educated  man  skilled 
in  his  trade,  with  a  knowledge  of  the  laws  on  which  it  is 
founded,  and  of  steady  habits,  is  much  more  valuable 
to  his  employer  and  himself  than  the  mere  workman 
whose  actions  are  akin  to  those  of  a  machine,  whose  mind 
is  a  waste,  and  who  seldom  thinks.  The  first,  as  an  in- 
telligent being,  is  sure  of  employment,  and  the  best  and 
most  difficult  operations  will  be  entrusted  to  his  care ;  he 
attains  the  confidence  of  his  employer,  probably  becomes 
a  foreman,  and  ultimately  he  acquires  a  share  in  the 
business,  or  sets  up  for  himself.  How  many  deserving 
young  men  have  done  this !  How  many  have  I  myself 
recommended  to  situations  of  trust ;  and  how  many  from 
small  beginnings  and  little  promise  have  risen  to  distinc- 
tion in  their  respective  professions ! 

On  this  part  of  the  subject  I  have,  however,  said 
enough  to  convince  you  of  the  importance  of  a  useful 
and  virtuous  education,  and  I  shall  now  conclude  with 
a  brief  notice  of  the  rise  and  progress  of  our  engineering 
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and  mechanical  establishments,  and  the  encouraging 
prospects  which  improved  training  in  the  different  de- 
partments and  processes  of  our  manufactures  is  likely  to 
open  out  in  the  country. 

VII.   Self-acting  machines,  and  their  application  to  the 
construction  of  machinery. 

It  is  nearly  half  a  century  since  I  first  became  ac- 
quainted with  the  engineering  profession,  and  at  that 
time  the  greater  part  of  our  mechanical  operations  were 
done  by  hand.  On  my  first  entrance  into  Manchester, 
there  were  no  self-acting  tools;  and  the  whole  stock  of 
an  engineering  or  machine  establishment  might  be  summed 
up  in  a  few  ill-constructed  lathes,  and  a  few  drills  and 
boring  machines  of  rude  construction.  Now  compare 
these  with  any  of  the  present  works,  and  you  will  find 
a  revolution  of  so  extraordinary  a  character  as  to  aj>j 
to  those  unacquainted  with  the  subject  scarcely  entitled 
to  credit.  The  changes  thus  effected,  and  the  improve- 
ments introduced  into  our  constructive  machinery,  are  of 
the  highest  importance ;  and  it  gives  me  pleasure  to  add 
that  they  chiefly  belong  to  Manchester,  they  are  of 
Manchester  growth,  and  from  Manchester  the  greatest 
numbers  have  had  their  origin.  It  may  be  interesting 
to  know  something  of  the  art  of  tool-making,  and  of  the 
origin  of  machines,  which,  by  an  almost  creative  power 
in  themselves,  have  contributed  so  largely  to  multiply 
the  machinery  of  manufacture,  as  well  as  the  construc- 
tion of  other  machines  employed  in  practical  mechanics. 
In  Manchester,  the  art  of  calico-printing  was  in  its  in- 
fancy forty  years  ago ;  the  flat  press,  and  one-,  or,  at  the 
most,  two-colour  machines  were  all  that  were  then  in 
use  ;  the  number  of  those  machines  is  now  greatly  mul- 
tiplied, and  I  believe  that  some  of  them  are  capable  of 
printing  eight  to  ten  colours  at  once*;  and  the  arts  of 

I  hare  just  been  informed  that  printing  machines  are  now  constructing 
to  print  fifteen  colours  at  one  process. 
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bleaching,    dyeing   and  finishing  have  undergone  equal 
extension  and  improvement. 

There  were  only  three  or  four  establishments  that 
could  make  a  steam-engine,  and  those  were  Bolton  and 
Watt  of  Soho,  Fenton,  Murray  and  Wood  of  Leeds,  and 
Messrs.  Sherratts  of  this  town.  The  engines  of  that 
day  ranged  from  3  up  to  50,  or,  at  most,  70  horse-power ; 
now  they  are  made  as  high  as  500,  or  in  pairs  from 
1000  to  1200  horse-power.  An  order  for  a  single  engine 
at  that  time  was  considered  a  great  work,  and  frequently 
took  ten  or  twelve  months  to  execute;  now  they  are 
made  by  dozens,  and  with  such  despatch,  that  it  is 
no  uncommon  occurrence  to  see  five  or  six  engines  of 
considerable  power  leave  a  single  establishment  in  a 
month. 

In  machine-making  the  same  powers  of  production  are 
apparent.  In  this  department  we  find  the  same  activity, 
the  same  certainty  of  action,  but  with  this  difference,  — 
that  the  smaller  machines  are  manufactured  more  rapidly 
and  in  greater  numbers  than  can  possibly  be  done  in  the 
larger  and  heavier  description  of  work.  The  self-acting, 
turning,  planing,  grooving  and  slotting  machines  have 
afforded  so  much  accuracy  and  facility  for  construction, 
that  the  mechanical  practitioner  is  able  to  turn,  bore  and 
shape  with  a  degree  of  certainty  almost  amounting  to 
mathematical  precision.  The  mechanical  operations  of 
the  present  day  could  not  have  been  accomplished  at  any 
cost  thirty  years  ago,  and  what  was  considered  impossible 
at  that  time  is  now  performed  with  an  intelligence  and 
exactitude  which  never  fail  to  accomplish  the  end  in 
view,  and  reduce  the  most  obdurate  mass  to  the  required 
consistency  in  all  those  forms  so  strikingly  exemplified  in 
the  workshops  of  engineers  and  machinists. 

To  the  intelligent  and  observant  stranger  who  visits 
these  establishments,  the  first  thing  that  strikes  his  atten- 
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tion  is  the  mechanism  of  the  self-acting  tools,  the  ease 
with  which  they  cut  the  hardest  iron  and  steel,  and  the 
mathematical  accuracy  with  which  all  the  parts  of  a 
machine  are  brought  into  shape.  These  things  are 
now  effected  to  an  enormous  extent,  and  the  American 
system  of  Dummies  recently  introduced  by  our  ingenious 
friend  Mr.  Anderson,  of  the  Arsenal,  Woolwich,  is  a  power- 
ful indication  of  what  can  be  done  in  the  manipulation 
and*  management  of  a  well-devised  and  well-constructed 
establishment.  When  these  implements  are  carefully 
examined,  it  ceases  to  be  a  wonder  that  our  steam-engines 
and  machines  are  so  beautifully  and  correctly  executed. 
We  perceive  the  most  curious  and  ingenious  contrivances 
adapted  to  every  purpose,  and  machinery  which  only 
requires  the  attendance  of  a  boy  to  supply  the  material 
and  to  apply  the  power  which  is  always  at  hand. 

In  conclusion,  I  would  observe  that  in  recommending 
to  the  student  a  careful  study  of  those  departments  of 
knowledge  which  apply  more  directly  to  his  professional 
pursuits,  I  would  earnestly  guard  him  against  the  mere 
appearance  of  study,  whilst  his  mind  is  rambling  in  pursuit 
of  other  objects.  Ignorance  is  bad  enough  of  itself,  but  a 
superficial  knowledge  is  equally  dangerous ;  and  I  would 
earnestly  deprecate  any  attempt  at  cramming  —  a  system 
that  cannot  be  too  much  condemned,  but  which,  I  am 
sorry  to  say,  prevails  in  many  of  our  educational  institu- 
tions to  an  extent  that  is  as  hurtful  to  the  intellectual 
progress  of  the  recipients  as  it  is  unjust  and  injurious 
to  the  earnest  and  the  laborious  student.  How  very 
seldom  do  we  find  those  specially  prepared  for  an  ex- 
amination succeed  in  after  life.  The  honours,  if  they 
acquire  them,  are  attained  too  easily ;  the  whole  is  an 
affair  of  a  day,  a  week,  or  a  month,  and  the  upshot  is 
that  the  student,  while  exulting  in  his  success,  is  em- 
bittered by  the  reflection  that  it  is  not  honestly  obtained, 
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and  in  nine  cases  out  of  ten  he  relapses  into  his  former 
indolence,  and  passes  through  life  unnoticed  and  un- 
known. I  would  earnestly  guard  you  against  a  practice 
of  this  kind,  which  is  not  only  destructive  of  your  own 
intellectual  energies,  but,  I  repeat,  unfair  and  unjust  to 
your  fellow  associates  and  competitors  in  the  pursuit  of 
knowledge. 

The  object  I  have  in  view  is  not  to  exact  from  you  a 
large  stock  of  mathematical,  chemical,  or  physical  know- 
ledge, but  a  thorough  acquaintance  with  first  principles, 
and  the  acquisition  of  that  description  of  knowledge  which 
is  always  available,  and  which  you  may  call  to  your  aid  in 
every  emergency  with  certainty  and  effect,  ^ind  which  will 
not  desert  you  in  time  of  need.  This  is  the  knowledge 
I  wish  you  to  obtain ;  but  bear  in  mind  that  it  must  be 
acquired,  not  by  cramming,  but  by  patient  reflection  and 
careful  study. 

I  have  endeavoured  in  the  course  of  these  observations 
to  show  wherein  we  are  deficient,  compared  with  other 
nations,  in  theoretical  knowledge  applied  to  practice.  I 
have  also  pointed  out  the  defects  of  our  scholastic  institu- 
tions, and  the  necessity  for  a  higher  and  greatly  enlarged 
system  of  instruction ;  and  I  have  adduced  examples  of 
several  distinguished  men  who  have  risen  to  distinction  by 
the  force  of  their  own  intellect,  and  by  that  indomitable 
perseverance  which  never  fails  of  success.  I  have,  how- 
ever, to  tell  you  that  after  the  acquisition  of  elementary 
instruction,  and  even  after  you  have  obtained  some  know- 
ledge of  your  profession,  your  studies  have  not  ended. 
On  the  contrary,  they  are  only  beginning ;  and  you  need 
not  be  surprised  when  I  assure  you  that  after  nearly  fifty 
years'  practice,  I  am  still  learning,  still  at  school,  and  I 
believe  must  continue  so,  until  the  great  book  of  nature 
closes  upon  me  for  ever.  It  is  well  observed  by  an  able 
writer,  that  the  advocates  of  general  education  appear  to 
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forget  that  "  knowledge  is  a  plant  of  slow  growth  ;  that 
the  studies  of  youth  are  only  a  groundwork  and  prepara- 
tion for  those  of  advanced  years;  and  that  the  great 
object  is  rather  to  inspire  the  mind  with  a  love  of  informa- 
tion, and  adapt  it  to  the  reception  of  it  than  to  store  it 
with  a  premature  accumulation  of  facts  which  they  cannot 
apply."  This  is  precisely  the  point  I  wish  to  bring  dis- 
tinctly under  your  notice.  Do  not  flatter  yourselves  that 

i  v thing  necessary  can  be  acquired  by  a  course  of 
mathematics  and  mechanics.  At  this  stage  you  are  only 
just  on  the  threshold.  Along  with  your  practical  occu- 
11  must  apply  this  knowledge,  and  prepare 
yourself  by  study  and  reflection,  to  give  it  a  bias  in  the 
right  direction,  and  to  render  it  useful  in  the  development 
of  your  professional  pursuits. 

It  is  perfectly  true  that  the  great  empires  and  king- 
doms of  Europe  still  endow  numerous  institutions  for  the 

cation  of  candidates  for  the  civil  and  military  pro- 
fessions. France  cherishes  and  appeals  to  the  ambition 
of  her  soldiers  and  citizens,  and  stimulates  them  to  ex- 
ertion by  the  prospect  of  the  glories  of  the  field  or  the 
honours  of  the  Institute,  as  rewards  for  their  heroism  and 

bf  LC'-nius.  We  do  not  in  this  country  hold  forth  such 
powerful  inducements,  but  we  have,  notwithstanding,  the 
noble  example  of  ancestors,  who  by  their  self-instruc- 
tion and  devotion  to  their  pursuits  advanced  the  useful 
:m<l  hiirhly  honoured  professions,  and  became  proficients 
in  practical  sc'u  no-.  \Ve  may  truly  say,  that  we  in 
this  country  have  the  honour  to  stand  at  the  head  of  the 
engineering  and  lical  profession.  It  is  an  art — I 

would  call  it  a  science — which  has  occupied  the  attention 
of  the  greatest  men  from  the  days  of  Galileo  and  Newton 
down  to  those  of  Smenton  and  Watt,  and  it  now  receives 
attentive  consideration  from  some  of  the  ablest  and  most 
distinguished  men  of  the  present  age,  such  as  Ponccl*  t. 
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M.»rin,  Humboldt,  Brewster,  Babbagc,  Dr.  Robinson  of 
Armagh,  Willis,  and  many  others. 

A  great  deal  has  been  done,  but  a  great  deal  more  may 
yet  be  accomplished  ;  and  provided  that  the  deficiency  can 
be  supplied  by  suitable  institutions  calculated  to  store 
the  minds  of  our  foremen  and  operatives  with  useful 
knowledge,  affording  them  opportunities  essential  to  its 
acquisition,  I  can  see  no  reason  why  a  better  system 
should  not  be  adopted ;  a  system  that  is  calculated  to 
produce  considerable  modifications,  and  effect  improve- 
ments in  the  moral  as  well  as  the  intellectual  condition  of 
those  important  classes.  In  the  attainment  of  this  object, 
let  us  endeavour  to  engraft  on  our  system  of  training, 
theory  in  conjunction  with  practice,  and  to  bring  the 
philosopher  into  close  connection  with  the  practical 
mechanic.*  This  connection  will  remove  prejudices,  and 
encourage  a  sounder  system  of  management  in  every 
description  of  manufacture :  it  will,  moreover,  encourage 
an  improved  taste  in  novelty  and  design ;  promote  more 
perfect  practice,  and  engender  ideas  less  speculative,  but 
more  in  accordance  with  correct  principles — the  true 
pioneers  and  harbingers  of  success.  When  this  is  ac- 
complished, we  shall  no  longer  witness  abortions  in 
construction,  but  a  careful  and  well-digested  system  of 
operations  founded  on  the  unerring  laws  of  physical 
truth. 

*  The  annual  meetings  of  the  British  Association  for  the  Advancement 
of  Science  have  greatly  improved  the  notions  of  theoretical  as  well  as 
practical  men.  These  meetings  have  afforded  incalculable  benefit  to  the 
practical  engineer  and  mechanic.  They  bring  all  his  projects  and  con- 
trivances under  the  strict  rules  of  science,  and  on  the  other  hand  they 
bring  the  abstract  theorist  to  the  test  of  practical  experience.  See  the  note 
respecting  the  Committee  of  the  British  Association  on  the  encouragement 
of  the  cultivation  of  Science  by  the  government,  at  the  end  of  the  volume. 
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LECTURE  II. 

ON   THE   CONSTRUCTION   OF    BOILERS. 

THE  modifications  of  the  steam-engine  which  have  been 
adopted  since  its   introduction   by  Watt,  three-quarters 
of  a  century  ago,  have  been  very  numerous  and  varied ; 
and  although  the  progression  in  its  applications  and  im- 
provements has  been  most  rapid  and  wonderful,  we  are 
still  undecided  as  to  the  best  form  of  its  construction. 
Sound  principles  scientifically  applied,  and  the  gradually 
increasing  excellence  of  our  mechanical  workshop,  have 
enabled  us  to  attain  the  great  perfection  which  charac- 
terises the  working  parts  of  the  modern  steam-engine. 
Since  the  steam-engine  itself  may  be  regarded  as  a  com- 
paratively perfect  machine,  I  shall  confine  my  observations 
almost  exclusively  to  that  very  important  and  necessary 
adjunct — the  Boiler — which  is  the  source  of  its  power. 
Even  this  limitation  of  the  subject  presents  to  us  a  very 
wide  field  of  inquiry.     In  the  earliest  steps  of  the  in- 
vestigation we  become  perplexed  with  the  endless  variety 
of  forms  and  constructions  which  at  different  periods  have 
been  adopted  by  engineers,  and  which  have  never,  un- 
fortunately, received  the   same  judicious  attention  that 
has  been  paid  to  the  other  parts  of  the   steam-engine. 
This  is  an  anomalous  and  much  to  be  regretted  fact,  for 
the   boiler,   being  the   source   of  the   motive  power,  is 
undoubtedly  one   of  the   most   important   parts   of  the 
whole  machine.     Upon   its  proper   proportions  and   ar- 
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rangements   for    the    generation    of    steam    depend   tin 
economy  and  regularity  with  which  the  engine  can  be 
worked,    and   upon   the   strength   and   excellence  of  its 
workmanship  depends   the   safety  of  the  lives  and  pro- 
perty of  those  who  come  in  contact  with  it.     Regarding, 
as  we  do,  the  steam-engine  as  one  of  the  most  active 
agents   in   the  extension  of  our  prosperity  and   in   the 
civilisation  of  the  world,  and  seeing  how  it  is  mixed  up 
with  the  daily  duties  and  workings  of  society,  the  safety 
and  efficiency  of  every  part  of  this  great  machine,  and 
more  especially  of  the  boiler,  must  necessarily  be  con- 
sidered as  a  subject  of  national  importance ;    and  I  feel 
gratified  by  being  called  upon  to  lay  before   you   such 
knowledge  and  experience  on  this  subject  of  deep  interest 
as  I  myself  possess. 

I  propose  to  consider  the  Boiler  in  its  Construction) 
Management,  Security,  and  Economy. 

1st.  As  to  the  Construction. — Here  I  shall  have  to  go 
a  little  into  detail,  in  order  to  show  the  absolute  necessity 
that  exists  for  adhering  to  certain  rules  of  form  and  other 
points  of  construction,  essential  in  the  practice  of  mecha- 
nical engineers,  in  order  to  attain  the  maximum  of 
strength  with  the  minimum  of  material.  In  boilers  this 
is  the  more  important,  as  any  increase  in  the  thickness 
of  the  plates  obstructs  the  transmission  of  heat,  and  ex- 
poses the  rivets  as  well  as  the  plates  to  injury  on  the 
side  exposed  to  the  action  of  the  furnace. 

It  has  generally  been  supposed  that  the  rolling  of  boiler 
plate  iron  gives  to  the  sheets  greater  tenacity  in  the 
direction  of  their  length  than  in  that  of  their  breadth ; 
this  is,  however,  not  correct ;  as  a  series  of  experiments 
which  I  made  some  years  since  fully  proves  that  there  is 
no  difference  of  importance  in  the  tensile  strength  of  boiler 
plates  whether  torn  asunder  in  the  direction  of  the  fibre, 
or  across  it. 
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From  five  different  sorts  of  iron  the  following  results 
were  obtained  :  * — 


Mean  breaking  Weight            Mean  breaking  Weight 
Description  of  Iron.                      in   1'nns  in  the                                 in  Tom 
Direction  of  the  Fibre.                  acrost  the  Fibre. 

Yorkshire  plates 

-     2577 

-     2749 

Yorkshire  plates 

-     2276 

-     26-03 

Derbyshire  plates 

-     21-68 

-     18-65 

Shropshire  plates 

-     22-82 

-     22  00 

Staffordshire  plates 

-     19-56 

-     21-01 

Mean 

•      22-52 

From  this  it  appears  that  we  may  safely  use  iron 
plates  in  the  construction  of  boilers  in  whatever  direc- 
tion may  best  suit  the  convenience  of  the  maker.  It  has 
been  supposed  that  wrought  iron  plates,  when  exposed 
to  intense  heat  —  such  as  we  observe  in  those  of  a  boiler 
over  the  furnace  —  lose  a  considerable  portion  of  their 
strength.  On  this  question  we  are  not,  however,  well 
informed,  as  it  will  be  seen  on  referring  to  Appendix 
No.  I.  f,  that  the  results  of  the  experiments  given  above 
were  made  at  the  ordinary  temperature  of  the  atmo- 
sphere ;  and  as  boilers  in  their  working  state  arc  con- 
siderably above  that  temperature,  it  may  be  interesting 
to  know  what  effect  greatly  increased  temperature  has 
upon  the  tenacity  of  wrought  iron.  In  cast  iron  I  have 
already  determined  by  experiment  the  effects  of  tempera- 
ture on  its  powers  of  resistance  to  a  transverse  strain  : 
but  it  was  reserved  for  the  Committee  of  the  Franklin 
Institute  to  conduct  similar  experiments  on  malleable 

*  In  Appendix  No.  I.  will  be  found  a  detailed  account  of  the  experi- 
ments, extracted  from  a  paper  read  before  the  Royal  Society  in  1850. 

f  I  have  since  made  some  experiments  on  this  subject,  a  report  of  which 
will  be  found  in  the  Report  of  the  British  Association  for  1856.  The 
general  result  obtained  was,  that  the  strength  of  common  boiler-plate  was 
not  materially  affected  by  ordinary  temperatures,  but  that  towards  a  dull 
red  heat  it  was  rapidly  and  very  seriously  deteriorated. 
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iron ;  and  as  these  experiments  appear  to  be  conclusive, 
and  approximate  closely  to  my  own  up  to  600°,  where 
the  strength  is  not  seriously,  if  at  all  impaired,  I  have  the 
less  hesitation  in  presenting  the  results  of  the  Committee 
in  the  form  given  in  the  Report. 

After  describing  the  series  of  experiments  numerically 
as  they  were  made,  the  Report  goes  on  to  say :  "  On  a 
survey  of  the  preceding  discussions  it  will  be  seen  that 
in  determining  the  maximum  at  each  point  of  fracture, 
it  has  been  necessary  to  resort  sometimes  to  experimental, 
and  sometimes  to  calculated  results,  but  in  several  cases 
the  two  operate  as  checks  upon  each  other.  On  attempt- 
ing to  extend  the  principle  to  trials  made  below  the 
temperature  already  cited,  we  are  liable  to  encounter 
an  ambiguity  in  the  results,  owing  to  the  fact  that  the 
maximum  tenacity  is  not  generally  to  be  obtained  without 
having  carried  the  previous  temperatures  to  about  550° 
or  600°,  and  the  tension  to  nearly  or  quite  that  of  the 
original  strength  of  the  metal  when  cold." 

These  facts  are  confirmed  in  my  experiments  to  deter- 
mine the  effects  of  temperature  on  cast  iron.  In  the 
more  fluid,  or  finer  descriptions  of  iron,  I  found  a  loss  of 
10  per  cent,  from  21°  to  190°,  but  in  the  harder  and 
stronger  descriptions  of  iron,  No.  3,  there  was  nearly 
the  same  increase  of  strength  up  to  600°;  and  from  these 
confirmatory  results,  we  may  infer  that  the  infusion  of 
heat  into  metallic  substances,  such  as  cast  and  wrought 
iron,  does  not  produce  any  serious  diminution  of  their 
strength  up  to  a  temperature  of  600°.  On  the  contrary, 
the  following  Table  indicates  nearly  the  same  results  from 
520°  up  to  662°,  where,  it  will  be  observed,  there  is  no 
material  change  in  its  power  of  resistance.  This  Table 
exhibits  also,  according  to  the  Report  of  the  Committee, 
"  the  observed  temperatures  and  corresponding  tenacity 
of  metal  with  the  calculated  or  experimental  maximum 
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of  strength, — the  ratio  of  the  observed  diminution  to 
the  maximum  tenacity,  and  the  irregularity  of  the  metal 
in  parts  of  the  original  strength  at  ordinary  tempera- 
tures. 

Table  of  Temperatures  and  Ratios  of  Strengths. 


No.  of  the 
|  Comparison. 

Marks  of 
the  Bar. 

Temperature 
observed. 

ll 
II 

M  ix'imnn  Te- 
.it  the 
Point  of  Frac- 
ture. 

Manner  In 
which  the 
Maximum 
was  obtained. 

Diminution  by 
Heat  in  Parts  of 
the  Maximum 
Tenacity. 

Irregularity  of 

thr   M 

Pat  ts  of  the 
original 
Strength. 

o 

1 

224  B 

520 

58,451 

63,275 

Experiment 

•0738 

•0992 

2 

Salisb.  iron 

570 

60,398 

60,398 

Ditto 

•0869 

•1125 

3 

90 

596 

57,682 

57,682 

Calculation 

•0899 

•2401 

4 

90 

600 

56,938 

63,086 

Ditto 

•0964 

•2401 

5 

219  A 

630 

60,010 

67,033 

Experiment 

•1047 

•1440 

6 

150 

662 

58,182 

65,785 

Ditto 

•1155 

•0644 

7 

152 

722 

54,442 

64,483 

Calculation 

•1436 

•0507 

8 

14 

732 

53,378 

62,736 

Experiment 

•1491 

•1310 

9 

150 

734 

57,903 

68,407 

Calculation 

•1535 

•0644 

10 

16 

766 

54,819 

65,176 

Experiment 

•1589 

•1563 

11 

149 

770 

54,781 

65,445 

Calculation 

•1627 

•0234 

12 

214 

824 

55,892 

70,080 

Ditto 

•2010 

•0413 

13 

214 

932 

45,531 

68,202 

Ditto 

•3324 

•0413 

14 

232 

947 

42,401 

66,193 

Experiment 

•3593 

•<>44G 

15 

/2141 
1152J 

1030 

37,587 

68,071 

Calculation 

•4478 

•0460 

16 

227 

1111 

27,603 

61,531 

Ditto 

•5514 

•0330 

17 

227 

1155 

21,967 

54,992 

Ditto 

•6000 

•0330 

18 

229 

1159 

25,620 

64,234 

Ditto 

•6011 

•1102 

19 

227 

1187 

21,913 

60,102 

J>itt» 

•6352 

20 

226 

1237 

21,298 

63,065 

Ditto 

•1147 

21 

226 

1245 

20,703 

63,065 

Ditto 

•6715 

•1147 

22 

226 

1317 

18,913 

63,065 

Ditto 

•7001 

•1147 

"  From  the  eighth  column  of  the  preceding  Table,  it 
appears  that  of  these  fifteen  different  specimens  of  iron, 
the  mean  irregularity  of  structure  is  10  per  cent,  of  t lie 
mean  strength  when  tried  cold. 

"  For  the  purpose  of  ascertaining,  approximately,  the 
law  of  decrease  in  strength  by  temperature,  an  investiga- 
tion was  made  similar  to  that  adopted  for  copper,  em- 
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however,  only  twelve  of  the  points  contained  in 
preceding  Table. 

"As  some  of  the  experiments  which  furnished  the 
standards  of  comparison  for  strengths  at  ordinary  tempera- 
tures, were  made  at  80°,  and  as  at  that  point  small  vari- 
ations in  respect  to  heat  appear  to  affect  but  very  slightly 
the  tenacity  of  iron,  it  is  conceived  that,  for  practical  pur- 
poses at  least,  the  calculations  might  be  commenced  from 
that  period. 

"  Eighty  degrees  are  therefore  deducted  from  each 
temperature  in  the  foregoing  Table,  and  the  remainders 
used,  instead  of  the  numbers  commencing  from  the  0  of 
our  scale.  It  will  be  found,  that,  with  the  exception  of 
a  slight  anomaly  between  520°  and  570°,  amounting  to 
—  •18,  the  numbers  expressing  the  ratio  between  the 
elevations  of  temperature,  and  the  diminutions  of  tenacity, 
constantly  increase  until  we  reach  932°,  at  which  it  is 
2-97,  and  that  from  this  point  the  ratio  of  diminution 
decreases  to  the  limits  of  our  range  of  trials  "1317,  where 
it  is  2-14.  It  will  also  be  observed,  that  the  diminution 
of  tenacity  at  932°,  where  the  law  changes  from  an  in- 
creasing to  a  decreasing  rate  of  diminution,  is  almost  pre- 
cisely one-third  of  the  total  or  maximum  of  strength  of 
the  iron  at  ordinary  temperatures." 

Next  to  the  tenacity  of  the  plates,  comes*the  question 
of  riveting,  or  the  best  and  surest  means  of  securing  them 
together.  On  this  part  of  the  subject  we  have  been 
widely  astray,  and  it  required  some  skill,  and  no  incon- 
siderable attention,  in  conducting  the  experiments,  to 
convince  the  unreflecting  portion  of  the  public,  and  even 
some  of  our  boiler-makers,  that  the  riveted  joints  were  not 
stronger  than  the  plate  itself.  At  first  sight  this  would 
appear  to  be  the  case,  but  a  moment's  reflection  will  soon 
convince  us  of  the  contrary :  in  punching  holes  along  the 
edge  of  a  plate  it  is  obvious  that  the  plate  must  be 
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weakened  to  the  extent  of  the  sectional  areas  punched  out, 
and  that  it  is  next  to  impossible,  under  the  circumstances, 
to  retain  the  same  strength  in  the  material  after  such 
diminution  has  been  effected  as  existed  in  the  previously 
solid  plate.  This  was  clearly  demonstrated  by  a  series  of 
experiments  which  were  made  some  years  since  *,  and  in 
which  the  strength  of  almost  every  description  of  riveted 
joints  was  determined  directly  by  tearing  them  asunder. 
The  results  obtained  from  these  experiments  were  con- 
clusive as  regards  the  relative  strength  of  riveted  joints 
and  the  solid  plates.  In  two  different  kinds  of  joints  — 
double  and  single  riveted  —  the  strengths  were  found  to 
be,  in  the  ratio  of  the  plate,  as  the  numbers  100,  70, 
and  56. 

;iming  the  strength  of  the  plate  to  be                                     -  100 
The  strength  of  a  double  riveted  joint  would  be,  after  allowing 

for  the  adhesion  of  the  surfaces  of  the  plate    -            -  70 

And  the  strength  of  a  single  riveted  joint           -            -  56 

These  proportions  of  the  relative  strengths  of  plates 
and  joints  may  therefore,  in  practice,  be  safely  taken  as 
the  standard  value,  in  the  construction  of  vessels  required 
to  be  steam-  and  water-tight,  and  subjected  to  pressure 
varying  from  10  Ibs.  to  100  Ibs.  on  the  square  inch. 

In  the  conduction  of  boilers  exposed  to  severe  internal 
pressure,  it  is  desirable  to  establish  such  forms,  and  so  to 
dispose  the  material,  that  the  greatest  strength  may  be 
supplied  in  the  direction  of  the  greatest  strain;  and  in 
order  to  accomplish  this,  it  will  be  necessary  to  consider 
whether  the  same  arrangement  be  required  for  all  dia- 
meters, or  whether  the  form  as  well  as  the  disposition  of 
the  plates  should  not  be  changed.  To  determine  these 
questions  in  cylindrical  boilers,  recourse  must  be  had  to 
experiment,  or  such  deduction  as  may  apply  to  any  given 

*  Vide  Appondi*,  No.  I.  p.  iv. 
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case,  and  such  as  is  founded  upon  unerring  data  derived 
from  experimental  research.  On  this  head  I  am  fortunate 
in  having  before  me  the  calculations  of  Professor  W.  R. 

O 

Johnson,  of  the  Franklin  Institute  of  America,  whose 
inquiries  into  the  strength  of  cylindrical  boilers  are  of 
great  value,  and  of  which  the  following  is  a  short  and 
useful  abstract :  — 

"  1st.  To  know  the  force  which  tends  to  burst  a  cylin- 
drical vessel  in  the  longitudinal  direction,  or,  in  other 
words,  to  separate  the  head  from  the  curved  sides ,  \ve 
have  only  to  consider  the  actual  area  of  the  head,  and  to 
multiply  the  units  of  surface  by  the  number  of  units  of 
force  applied  to  each  superficial  unit.  This  will  give  the 
total  divellent  force  in  that  direction. 

"  To  counteract  this,  we  have,  or  may  be  conceived  to 
have,  the  tenacity  of  as  many  longitudinal  bars  as  there 
are  lineal  units  in  the  circumference  of  the  cylinder.  The 
united  strength  of  these  bars  constitutes  the  total  retain- 
ing or  quiescent  force,  and  at  the  moment  when  rupture  is 
.about  to  take  place,  the  divellent  and  the  quiescent  forces 
must  obviously  be  equal. 

"  2nd.  To  ascertain  the  amount  of  force  which  tends 
to  rupture  the  cylinder  along  the  curved  side,  or  rather 
along  the  opposite  sides,  we  may  regard  the  pressure  as 
applied  through  the  whole  breadth  of  the  cylinder  upon 
each  lineal  unit  of  the  diameter.  Hence  the  total  amount 
of  force  which  would  tend  to  divide  the  cylinder  in  halves, 
by  separating  it  along  two  lines,  on  opposite  sides,  would 
be  represented  by  multiplying  the  diameter  by  the  force 
exerted  on  each  unit  of  surface,  and  this  product  by  the 
length  of  the  cylinder.  But  even  without  regarding  the 
length,  we  may  consider  the  force  requisite  to  rupture  a 
single  band  in  the  direction  now  supposed,  and  of  one 
lineal  unit  in  breadth ;  since  it  obviously  makes  no  differ- 
ence whether  the  cylinder  be  long  or  short,  in  respect  to 
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the  ease  or  difficulty  of  separating  the  sides.  The  divellem 
force  in  this  direction  is  therefore  truly  represented  by 
the  diameter  multiplied  by  the  pressure  per  unit  of  sur- 
face. The  retaining  or  quiescent  force,  in  the  same  direc- 
tion, is  only  the  strength  or  tenacity  of  the  two  opposite 
sides  of  the  supposed  bond.  Here  also  at  the  moment 
when  a  rupture  is  about  to  occur,  the  divellent  force  must 
exactly  equal  the  quiescent  force." 

In  the  subsequent  portion  of  the  paper,  Mr.  Johnson 
appears  to  reason  on  the  supposition  that  there  are  no 
joints  in  the  plates,  and  that  the  tenacity  of  the  iron  is 
equal  to  60,000  Ibs. — rather  more  than  26  tons  to  the 
square  inch.  Now  we  have  shown  by  the  results  of  the 
experiments  already  adduced,  that  ordinary  boiler  plates 
will  not  bear  more  than  23  tons  to  the  square  inch,  and 
as  nearly  one-third  of  the  material  is  punched  out  for  the 
reception  of  the  rivets,  we  must  still  further  reduce  the 
strength,  and  take  15  tons,  or  about  34,000  Ibs.*  on  the 
square  inch,  as  the  tenacity  of  the  material,  or  the  pres- 
sure at  which  a  boiler  would  burst. 

This  I  should  consider  in  practice  as  the  maximum 
power  of  resistance  of  boiler  plates  in  their  riveted  state, 
and  I  will  now  trouble  you  to  follow  me  in  a  very  con- 
cise and  I  trust  not  uninteresting  investigation,  as  to  the 
bearing  powers  of  boilers,  and  the  pressure  at  which  they 
can  be  worked  with  safety. 

It  follows  from  the  general  principles  which  have  been 
stated,  that  the  divellent  force  tending  to  rupture  the 
boiler  plates  in  longitudinal  lines  parallel  to  the  axis  of 
the  boiler  is  in  the  direct  ratio  of  the  diameter  of  the 


*  By  experiment  it  is  found  that  the  strength  of  the  riveted  joints  of 
boilers  is  only  about  one-half  the  strength  of  the  plute  itself;  hut  taking 
into  consideration  the  crossing  of  the  joints,  34,000  Ibs.  may  nM.-onably 
be  taken  as  the  tenacity  of  the  riveted  plates,  or  the  bursting  pn^ine  of  a 
cylindrical  boiler. 


ON   THE   CONSTRUCTION   OP    BOILERS.  37 

boiler;  whereas  the  divellent  force  tending  to  rupture 
the  plates  in  transverse  lines,  formed  by  section  taken 
perpendicular  to  the  axis  of  the  boiler,  is  in  the  ratio  of 
the  squares  of  the  diameters.  THE  THICKNESS  OP  THE 

PLATES  OF  CYLINDRICAL  BOILERS  SHOULD  BE  IN  PRO- 
PORTION TO  THEIR  DIAMETERS  ;  for,  as  the  force  tend- 
ing to  burst  a  boiler  of  a  given  length  and  subject  to  a 
given  pressure  varies  simply  as  the  diameter  of  the  boiler, 
and  as  the  resistance  of  the  plates  varies  as  their  thick- 
ness, it  follows  that  the  thickness  of  the  plates,  in  order 
to  resist  a  given  pressure  of  steam  per  square  inch,  must 
be  in  proportion  to  the  diameter  of  the  boiler.  It  will  be 
afterwards  shown  that  the  weakest  portions  of  the  plates 
are  in  the  longitudinal  lines  drawn  parallel  to  the  axis  of 
the  boiler.*  For  example,  let  us  take  two  boilers,  one  3 

*  Let  A  B  C  D  represent  a  cylindrical  boiler  ;  A  B  Q  E  a  longitudinal 
section  passing  through  the  axis  of  the  boiler  ;  and  D  C  a  transverse 
section  perpendicular  to  the  axis  ;  put  /=AB  the  length  of  the  boiler, 
2r  =  d=ae  the  internal  diameter,  c=Aa=Ee  the  thickness  of  the  boiler 


Fig.  1. 


plates,  T  =  the  tenacity  in  Ibs.  of  a  square  inch  of  the  material,  and  P= 
the  pressure  of  the  steam  in  Ibs.  for  every  square  inch  ;  then  the  pressure 
of  the  steam  tending  to  produce  a  longitudinal  rupture  in  the  section 
A  B  Q  E  will  act  upwards  and  downwards  upon  the  internal  section,  having 
its  area  equal  to  d  x  /  ; 

.'.  Pressure  of  the  steam  to  produce  longitudinal  rupture »  area  internal 
section  xP=<tfP      ....        <       .     .•      ••        0) 
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feet  in  diameter  and  the  other  6  feet,  and  suppose  each  to 
be  subject  to  a  pressure  of  40  Ibs.  on  the  square  inch.  In 
this  condition,  it  is  evident  that  the  area  of  the  end  of  a 
3-feet  boiler  is  to  the  area  of  the  6-feet  boiler  as  1  to  4  ; 

This  result  shows  that  the  divellent  force  tending  to  produce  longi- 
tudinal rupture,  that  is,  to  separate  the  plates  along  the  lines  A  B  and  E  Q, 
is  in  the  direct  ratio  of  the  diameter  of  the  boiler. 

Again,  we  have  — 
Resistance  of  the  section  A  B  Q  E  to  rupture  =  area  section  x  T  =  2fcT.    (2) 

Now  when  rupture  is  about  to  take  place,  formula  (1)  becomes  equal 
to  (2)  ; 


which  gives  the  thickness  of  the  boiler  plates  when  rupture  is  upon  the 
point  of  taking  place,  under  the  pressure,  P,  of  the  steam.  Hence  it 
appears  that  the  thickness  of  the  plates  of  cylindrical  boilers  should  be  in 
proportion  to  their  diameters. 

The  section  ABQE,  passing  through  the  axis  of  the  cylinder,  is  ob- 
viously the  weakest  longitudinal  section. 

We  shall  now  consider  the  conditions  of  rupture  through  the  transverse 
section  C  D. 

Pressure  of  steam  tending  to  produce  rupture  in  the  section  CD  =  area 

internal  section  xP^1^?    ......     (4) 

This  result  shows  that  the  divellent  force  tending  to  produce  transverse 
rupture  varies  as  the  square  of  the  internal  diameter  of  the  boiler. 

Area  of  the  material  in  the  section  DC  =  *c  (c  +  d)  ; 

.'.  Resistance  section  DC  to  rupture  =  *c  (c  +  d)T          .        .        .    (5) 

But  when  rupture  is  about  to  take  place,  formula  (4)  must  be  equal  to 
formula  (5)  ; 


neglecting   -f    as  being  very  small,  we  get 


-S 


. 

Comparing  this  expression  with  (3),  we  find  that  the  transverse  section 
has  double  the  strength  of  the  longitudinal  section.  From  this  proposition 
it  follows  that  a  boiler  constructed  with  plates  of  uniform  thickness  is  most 
liable  to  undergo  rupture  in  its  longitudinal  sections. 
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and  by  a  common  process  of  arithmetic  we  may  calculate 
the  divellent  force  in  the  direction  of  the  axis,  and  shall 
find  that  the  edges  of  the  plates  forming  the  cylindrical 
part  of  the  3-feet  boiler  are  subject  (at  40  Ibs.  on  the 
square  inch)  to  a  pressure  of  40,712  Ibs. — upwards  of 
18  tons;  whereas  the  plates  of  the  6-feet  boiler  have  to 
sustain  a  pressure  of  162,848  Ibs.,  or  72  tons,  which 
is  quadruple  the  force  to  which  the  boiler  only  one-half 
the  diameter  is  exposed;  and  the  circumferences  being 
only  as  2  to  1,  there  is  necessarily  double  the  strain  upon 
the  cylindrical  plates  of  the  large  boiler. 

Let  us,  for  the  sake  of  illustration,  suppose  the  two  cy- 
lindrical boilers,  such  as  we  have  described,  to  be  divided 
into  a  series  of  hoops  of  1  inch  in  width ;  and,  taking 
one  of  these  hoops  in  the  3-feet  boiler,  we  shall  find  it 
exposed,  at  a  pressure  of  40  Ibs.  on  the  square  inch,  to  a 
force  of  1440  Ibs.  acting  on  each  side  of 
a  line  drawn  through  the  axis  of  a  cylin- 
der 36  inches  diameter  and  1  inch  in 
width,  and  which  line  forms  the  diameter 
of  the  circle.  Now  this  force  causes  a 
strain  upon  each  of  the  points  a  a  in  the 
direction  of  the  arrows  in  the  annexed 

1440 

diagram  of  the  3-feet  circle  of  — —  =720  Ibs.,  and  as- 
suming the  pressure  to  be  increased  till  the  force  be- 
comes equal  to  the  tenacity  or  retaining  powers  of  the 
iron  at  a  a,  it  is  evident,  in  this  state  of  the  equilibrium 
of  the  two  forces,  that  the  least  preponderance  on  the 
side  of  the  internal  pressure  would  produce  fracture. 
And  suppose  we  take  the  platee  of  which  the  boiler 
is  composed  at  one  quarter  of  an  inch  thick,  and  the 
ultimate  strength  of  the  material  at  34,000  Ibs.  on  the 

34  000 
square  inch,  we  shall  have  .  =  472  Ibs.  per  square 
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inch,  as  the  bursting  pressure  of  the  boiler.  Again,  as 
the  forces  in  this  direction  are  not  as  the  squares,  but 
simply  as  the  diameters,  it  is  clear  that  at  40  Ibs.  on  the 
square  inch,  we  have  in  a  hoop  an  inch  in  depth,  or 
that  portion  of  a  cylinder  whose  diameter  is  6  feet,  exactly 
double  the  force  applied  to  the  points  b  I,  which  was 
acting  on  the  points  a  a,  in  the  diameter  of  3  feet.  Now 
as.suming  the  plates  to  be  a  quarter  of  an  inch  thick,  as  in 
the  3-feet  boiler,  it  follows,  if  the 
forces  at  the  same  pressure  be  dou- 
bled in  the  large  cylinder,  that 
the  thickness  of  the  plates  must 
also  be. doubled  in  order  to  sustain 
the  same  pressure  with  equal  se- 
curity ;  or  what  is  the  same  thing, 
the  6-feet  boiler  must  be  worked 
at  half  the  pressure  at  which  the 
3-feet  boiler  is  worked  in  order  to 

Q 

increase  the  same  degree  of  safety. 

From  these  facts  we  may  conclude,  that  boilers  having  in- 
creased dimensions,  should  also  have  increased  strength 
in  the  ratio  of  their  diameters ;  or,  in  other  words,  the 
plates  of  a  6-feet  boiler  should  be  double  the  thickness  of 
the  plates  of  a  3-feet  boiler,  and  so  on  in  proportion  as 
the  diameter  is  increased.* 


*  It  will  render  these  discussions  clearer  to  bear  in  mind  the  following 
formula;,  which  will  be  seen  to  follow  at  once  from  the  equation  <//P«=2/cT 
e*tal)lish«-d  in  the  preceding  note. 

(1.)  Given  the  pressure  at  which  a  cylindrical  boiler  is  to  work  and  ita 
diameter,  to  find  the  requisite  thickness  of  plates. 

-s  • 

Or  for  iron  plates,  T  being  taken  at  34,000  Ibs.  as  above,  the  required  thick- 
ness in  inches  is  equal  to  the  diameter  in  inches  multiplied  by  the  pressure 
per  square  inch  in  Ibs.  and  divided  by  68,000. 
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The  relative  power  of  force  applied  to  cylinders  of 
diilbrent  diameters  becomes  more  strikingly  apparent 
when  we  reduce  them  to  their  equivalents  of  strain  \  r 
square  inch,  as  applied  to  the  ends  and  circumference  of 
tin-  boiler  respectively.  In  the  3-feet  boiler,  working  at 
40  Ibs.  pressure,  we  have  a  force  equal  to  720  Ibs.  upon 
an  inch  width  of  plate,  and  one  quarter  of  an  inch  thick, 
or  720  x  4  =  2880  Ibs.,  the  force  per  square  inch  of 
sectional  area  at  every  point  of  the  circumference  of  the 
boiler. 

Let  us  now  compare  this  with  the  actual  strength  of 
the  riveted  plates  themselves,  which  taken  as  before  at 
34,000  Ibs.  on  the  square  inch,  we  arrive  at  the  ratio  of 
the  working  strain  to  the  strength  of  the  circumference  as 
2880  to  34,000,  or  nearly  as  1  to  12,  and  40  x  12  =  480 
Ibs.  per  square  inch  nearly,  as  the  ultimate  bursting  pres- 
sure of  the  boiler. 

These  deductions  appear  to  be  true  in  every  case  as  re- 
gards the  resisting  powers  of  cylindrical  boilers,  to  a  force 
radiating  in  every  direction  from  the  axis  towards  the  cir- 
cumference ;  but  the  same  law  is,  however,  not  main- 
tained when  applied  to  the  ends,  or,  to  speak  technically, 


(2.)  Given  the  thickness  and  diameter  of  a  cylindrical  boiler,  to  find  its 
bursting  pressure. 


Or  for  wrought  iron  plates  the  bursting  pressure  in  Ibs.  per  square  inch  is 
equal  to  the  thickness  in  inches  multiplied  by  68,000,  and  divided  by  the 
diameter  in  inches. 

Example.  Required  the  thickness  of  the  plates  of  a  boiler,  20  feet  long 
and  5  feet  in  diameter,  in  order  to  stand  the  pressure  of  steam  at  204  Ibs. 
per  squiire  inch,  the  tenacity  of  the  metal  being  34,000  Ibs.  per  square 
inch. 

Here  by  formula  (3)  we  have  — 

rf  =  5x  12*60,  P  =  204,  and  T  =  34,000, 
60  x  204 
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to  the  angle-iron  and  riveting  where  the  ends  are  attached 
to  the  circumference.  Now,  to  prove  this,  let  us  take  the 
3-feet  boiler,  where  we  have  about  113  inches  in  the  cir- 
cumference, and  upon  this  circular  line  of  connexion  we 
have,  at  40  Ibs.  to  the  square  inch,  to  sustain  a  pressure  of 
18  tons,  which  is  equal  to  a  strain  of  360  Ibs.  acting  longi- 
tudinally upon  every  inch  of  the  circumference.  Apply 
the  same  force  to  a  6-feet  boiler,  with  a  circumference  or 
line  of  connexion  equal  to  226  inches,  and  we  shall  find 
it  exposed  to  exactly  four  times  the  force,  or  72  tons  ;  but 
in  this  case  it  must  be  borne  in  mind  that  the  circumfer- 
ence is  doubled,  and  consequently  the  strain,  instead  of 
being  in  the  quadruple  ratio,  is  only  doubled,  or  a  force 
equal  to  720  Ibs.  acting  longitudinally  as  before  upon 
every  inch  of  the  circumference  of  the  boiler. 

Again,  if  we  refer  to  the  comparative  merits  of  the 
plates  composing  cylindrical  vessels  subjected  to  internal 
pressure,  they  will  be  found  in  this  anomalous  condition, 
that  their  strength  in  their  longitudinal  direction  is 
twice  that  in  the  curvilinear  direction.  This  appears 
by  a  comparison  of  the  two  forces,  wherein  we  have 
shown  that  the  ends  of  the  3-feet  boiler,  at  40  Ibs.  internal 
pressure,  sustain  360  Ibs.  of  longitudinal  strain  upon  each 
inch  of  a  plate  a  quarter  of  an  inch  thick ;  whereas  plates 
of  the  same  thickness  have  to  bear  in  the  curvilinear  direc- 
tion a  strain  of  720  Ibs.  This  difference  of  strain  is  a 
difficulty  not  easily  overcome,  and  all  that  we  can  accom- 
plish in  this  case  will  be  to  exercise  a  sound  judgment  in 
crossing  the  joints,  in  the  quality  of  the  workmanship,  and 
the  distribution  of  the  material.  For  the  attainment  of 
these  objects,  the  following  Table,  which  exhibits  the 
proportionate  strength  of  cylindrical  boilers  from  3  to  8 
feet  in  diameter,  may  be  useful.* 

*  In  this  discussion  I  have  not  taken  into  account  the  effect  that  boilers 
constructed  with  central  flues  will  have  upon  the  flat  ends  in  diminishing 


ON   THE   CONSTRUCTION   OF   BOILERS. 


43 


TABLE  of  equal  strengths  in  the  external  shell  of  Cylin- 
drical Boilers  from  3  to  8  feet  diameter,  showing  the 
thickness  of  metal  in  each  respectively,  for  a  bursting 
pressure  of  450  Ibs.  to  the  square  inch. 


Diameter  of 
Boilers. 

Bursting  Pressure  —  equivalent  to 
the  ultimate  Strength  of  the  ri- 
veted Joint,  as  deduced  from 
Experiment,  34,000  Ibs.  to  the 
Square  Inch. 

Thickness  of  the  Plates  In 
Decimal  Parts  of  an  Inch. 

ft.    in. 

3     0 

•250 

3     6 

•291 

4     0 

•333 

4     6 

•376 

5     0 
5     6 

450  Ibs.        - 

•416 
•458 

6     0  * 

•500 

6     6 

•541 

7     0 

•583 

7     6 

•625 

8     0 

•666 

Boilers  of  the  simple  form,  and  without  internal  flues, 
are  subjected  only  to  one  species  of  strain  ;  but  those 
constructed  with  internal  flues  are  exposed  to  the  same 
tensile  force  which  pervades  the  simple  form ;  and  further, 
to  the  force  of  compression,  which  tends  to  collapse  or 
crush  the  material  of  the  internal  flues.  In  the  cylindrical 
boiler  with  round  flues,  the  forces  are  diverging  from  the 


the  strain  upon  the  anterior  or  the  exterior  circumference  where  the  ends 
are  united  to  the  cylinder.  On  the  contrary,  I  have  purposely  omitted  that 
element  of  strength  in  the  calculation,  and  for  the  sake  of  illustration  I 
have  assumed  that  the  boiler  has  no  internal  flues,  and  that  the  circum- 
ference is  subjected  to  the  whole  strain  in  the  inverse  ratio — as  before 
noticed  —  of  the  diameters.  In  cases  where  boilers  are  constructed 
with  internal  flues,  there  will  be  this  advantage  as  regards  strength;  namely, 
that  the  outer  shell  will  be  relieved  from  a  longitudinal  strain  to  the  extent 
of  their  respective  areas  or  circumferences. 
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central  axis  as  regards  the  outer  shell,  and  converging  as 
applied  to  every  separate  flue  which  the  boiler  contains. 

These  two  forces  in  a  steam-boiler  are  in  constant  ope- 
ration ;  the  tendency  of  the  one  being  to  tear  up  the 
external  plates  and  force  out  the  ends,  and  the  other  to 
destroy  the  form  and  to  force  the  material  into  the  central 
area  of  the  flues.  These  two  forces  operate  in  a  widely 
different  manner  upon  the  resisting  powers  of  the  boiler, 
which,  taken  in  the  direction  of  its  exterior  envelope,  has 
to  resist  a  tensile  strain  operating  in  every  direction  from 
within,  and  the  internal  flues,  acting  as  an  arch,  offer  a 
powerful  resistance  to  compression  from  without. 

In  previous  editions  of  this  work  I  had  at  this  point 
alluded  to  our  ignorance  of  the  laws  which  determine  the 
rupture  of  cylindrical  vessels  subjected  to  an  external 
pressure,  and  had  said  that  these  could  only  be  learnt  by 
experiments  conducted  on  so  extensive  a  scale,  and  with 
so  great  a  degree  of  accuracy,  that  for  the  present  the 
hope  of  them  must  be  abandoned.  At  the  same  time  I 
had  shown  that  the  resistance  of  internal  flues  would  be 
in  the  inverse  ratio  of  their  diameters,  which  was  at  that 
time  the  most  that  was  known  upon  the  subject  of 
collapse. 

We  need  no  longer,  however,  continue  to  construct  our 
boiler  flues  as  heretofore  in  ignorance  of  the  laws  which 
regulate  their  powers  of  resistance.  Under  the  sanction 
of  the  Royal  Society  I  have  made  a  very  extensive  series 
of  experiments  upon  this  subject,  the  results  of  which  will 
be  found  in  full  in  the  volumes  of  the  Transactions  of  that 
body  for  1858  and  1859.  These  experiments  have  fully 
established  the  formulae  of  strength,  and  have,  I  believe, 
a  very  important  bearing  on  the  future  construction  of 
these  vessels.  I,  in  common  with  other  engineers,  had 
ncted  under  the  impression  that  perfectly  cylindrical  tubes, 
when  subjected  to  a  uniform  pressure  converging  upon 
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their  centre,  were  equal  in  their  powers  of  resistance, 
quite  irrespective  of  their  length.  Doubts,  however, 
arose  as  to  the  accuracy  of  this  conclusion  from  symptoms 
of  weakness  I  had  noticed  in  the  flues  of  boilers,  and 
these  doubts  were  very  fully  confirmed  when  I  found,  by 
experiment,  that  with  the  ordinary  construction  the  ex- 
ternal shell  of  stationary  flued  boilers  was  from  three  to 
four  times  stronger  in  its  powers  of  resistance  to  the  force 
tending  to  burst  it,  than  the  flues  were  to  resist  the  same 
force  tending  to  collapse  them.  This  being  the  case  in 
boilers  of  ordinary  construction,  it  is  not  surprising  that 
so  many  fatal  accidents  should  have  occurred  from  the 
collapse  of  the  internal  flues,  followed  in  many  cases  by 
the  rupture  of  the  external  shell. 

I  have  found  that  the  resistance  of  wrought  iron  flues 
to  collapse  varies  in  the  inverse  ratio  of  the  diameter,  in- 
versely as  the  length,  and  directly  as  a  power  of  the  thick- 
ness ;  or,  in  other  words,  the  strength  decreases  in  the 
ratio  of  the  increase  of  the  diameter  and  length,  and  in- 
creases nearly  as  the  square  of  the  thickness.  Putting 
P  =  collapsing  pressure  in  Ibs.,  K  =  thickness  of  plates 
in  inches,  L  =  length  of  the  tube  or  flue  in  feet,  D  = 
diameter  in  inches,  we  have 

K2'19 
P  =  806,30()£-jj, 

which  is  the  general  formula  for  calculating  the  strength 
of  wrought  iron  tubes  subjected  to  external  pressure 
within  the  limits  indicated  by  the  experiments.  It  is  easily 
calculated  by  logarithms,  in  which  case  it  may  be  written 

log  P  =  1-5265  +  2-19  log  100  K— log  (L.D) 
The  remarkable  law  that  the  strength  varies  inversely 
as  the  length,  so  that  of  two  flues  perfectly  similar  in 
other  respects,  one  10  feet  long  is  twice  as  strong  as  one 
20  feet  long,  has  been  confirmed  for  glass  in  a  subsequent 
series  of  experiments. 
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We  may  now  prepare  a  table,  giving  the  proper  thick- 
nesses for  the  plates  of  cylindrical  flues  of  various  descrip- 
tions, as  we  have  already  done  for  the  external  shell.  "We 
assume,  as  before,  that  the  boiler  is  required  to  be  of  a 
strength  equivalent  to  a  bursting  pressure  of  450  Ibs.  on 
the  square  inch.  In  this  case  the  internal  flues  must  be 
proportioned  as  in  the  following  table : — 

TABLE  of  equal  strengths  in  the  cylindrical  flues  of  boilers 
from  1  to  4  feet  in  diameter,  and  from  10  to  30  feet  in 
length,  showing  the  requisite  thickness  of  metal  for  a 
collapsing  pressure  of  450  Ibs.  per  square  inch. 


Thickness  of  plates  in  parts  of  an  inch. 

Diameter  of 
flues. 

Collapsing  pressure  of  flue 
in  Ibi.  per  square  inch. 

For  a  10  feet 

For  a  20  feet 

For  a  30  feet 

flue. 

flue. 

flue. 

ins. 

12 

•291 

•S99 

•480 

18 

j 

•350 

•480 

•578 

24 

•399 

•548 

•659 

30 

AKf\ 

•442 

•607 

•730 

36 

•480 

•659 

•794 

42 

•516 

•707 

•851 

48 

j 

•548 

•752 

•905 

This  table  shows  very  clearly  the  importance  of  atten- 
tion to  the  length  of  boiler  flues,  that  is,  the  distance 
between  any  rigid  supports,  such  as  the  boiler  ends  which 
retain  the  flues  in  form.  Thus,  with  a  two  feet  six  inch 
flue  we  should  require  plates  J  inch  thick  if  the  distance 
between  the  ends  waa  30  feet,  but  only  Jg-  inch  plates  if 
the  length  were  reduced  to  10  feet.  Now,  with  a  flue  of 
this  size  it  is  very  unadvisable  to  employ  j  inch  plates, 
from  the  impediment  they  would  offer  to  the  transmission 
of  heat  and  their  own  consequent  liability  to  injury. 
Hence  we  are  driven  to  some  expedient  for  decreasing 
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the  length  of  these  flues,  and  such  an  expedient  is  easily 
df  vised.  I  have  proposed  in  the  paper  laid  before  the 
Royal  Society  to  introduce  two  or  more  strong  ribs 
formed  of  two  angle  irons,  laid  back  to  back  and  riveted 
round  the  flue  at  equal  distances  in  its  length.  Such  an 
arrangement  of  two  strong  rings  or  ribs  practically  re- 
duces a  30  feet  flue  into  the  condition  of  three  10  feet 
flues,  each  of  which  is  with  the  same  thickness  of  plates 
three  times  as  strong  as  it  would  have  been  had  no  ribs 
been  introduced. 

It  must  further  be  noticed  that  it  is  of  great  importance 
to  make  the  flues  as  perfectly  cylindrical  as  possible.  Any 
ellipticity  reduces  the  strength  very  materially  indeed. 
Hence,  if  not  otherwise  objectionable,  butt-joints  are 
stronger  and  better  than  lap-joints  in  flues  of  boilers  and 
other  vessels  subjected  to  an  uniform  external  pressure. 

To  show  the  amount  of  strain  upon  a  high-pressure 
boiler  30  feet  long,  6  feet  diameter,  having  two  centre 
flues,  each  2  feet  3  inches  diameter,  working  at  a  pressure 
of  50  Ibs.  on  the  square  inch,  or  7200  Ibs.  per  sq.  ft.,  we 
have  only  to  multiply  the  number  of  square  feet  of  sur- 
face, 1030,  exposed-  to  pressure,  by  7200,  and  we  have 
the  force  of  3319  tons,  which  a  boiler  of  these  dimensions 
has  to  sustain.  I  mention  this  to  show  that  the  statistics 
of  pressure,  when  worked  out,  are  not  only  curious  in 
themselves,  but  instructive  as  regards  a  knowledge  of  the 
retaining  powers  of  vessels  so  extensively  used,  and  on 
which  the  bread  of  thousands  depends.  To  pursue  the 
subject  a  little  further,  let  us  suppose  the  pressure  to  be  at 
450  Ibs.  on  the  square  inch,  which  a  well-constructed 
boiler  of  this  description  will  bear  before  it  bursts,  and 
we  have  the  enormous  force  of  29,871,  or  nearly  30,000 
tons  bottled  up  within  a  cylinder  30  feet  long  and  6  feet 
diameter. 

This  is,  however,  inconsiderable  when  compared  with 
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the  locomotive,  and  some  marine  boilers,  which,  from  the 
number  of  tubes,  present  a  much  larger  extent  of  surface 
to  pressure.  Locomotive  engines  are  usually  worked  at 
80  to  100  Ibs.  on  the  inch ;  and,  taking  one  of  the  usual 
construction,  we  shall  find  at  100  Ibs.  on  the  inch  that  it 
rushes  forward  on  the  rail  with  a  pent-up  force,  within 
its  interior,  of  nearly  60,000  tons,  and  this  force  is  rather 
increased  than  diminished  at  an  accelerated  speed. 

In  a  stationary  boiler  charged  with  steam  at  a  given 
pressure,  it  is  evident  that  the  forces  are  counteracted  by 
the  resistance  of  the  plates,  and  the  strain  being  the  same 
in  all  directions,  there  will  be  no  tendency  to  motion. 
Supposing,  however,  this  equilibrium  to  be  destroyed  by 
accumulative  pressure  till  rupture  ensues,  it  then  follows 
that  the  resisting  forces  in  one  direction  having  ceased,  the 
others  in  an  opposite  direction  being  active,  would  pro- 
ject the  boiler  from  its  seat  with  a  force  equal  to  that 
which  is  discharged  through  the  orifice  of  rupture.  The 
direction  of  motion  would  depend  upon  the  position  of  the 
ruptured  part.  If  in  the  line  of  the  centre  of  gravity, 
motion  would  ensue  in  that  direction ;  if  out  of  that  line, 
an  oblique  or  rotatory  motion  round  the  centre  of  gravity 
would  be  the  result. 

The  quantity  of  motion  produced  in  one  direction  would 
be  equal  to  the  quantity  of  motion  in  the  opposite  direc- 
tion ;  and  the  velocity  with  which  the  body  would  move 
would  be  in  the  ratio  of  the  impulsive  force,  or  force  of 
explosion  through  the  rupture.  These  investigations  ar<\ 
however,  more  in  the  province  of  the  mathematician,  and 
may  easily  be  computed  from  the  well-known  formulae  of 
accumulated  work.* 

*  Let  7«rthe  number  of  cubic  feet  of  steam  in  the  boiler  at  the  moment 
j.lnsion  ;  I*  its  pressure  per  square  inch  ;  P,  the-  ;  ••:'  the  ex- 

ternal air  ;  W  the  weight  of  the  boiler  in  Ibs.,  together  with  the  material 
connected  with  it ;  V  the  velocity  in  feet  per  second  produced  in  this  mass 
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We  now  come  to  the  rectangular  forms,  or  flat  sur- 
faces, which  are  not  so  well  calculated  to  resist  pressure. 
Of  these  we  may  instance  the  fire-box  of  the  locomotive 
boiler,  the  sides  and  flues  of  marine  boilers, — the  latter 
of  which,  by  the  bye,  are  now  superseded  by  those  of  the 
tubular  form, — and  the  flat  ends  of  the  cylindrical  boilers, 
and  others  of  weaker  construction. 

The  locomotive  boiler  is  frequently  worked  up  to  a 
pressure  of  1 20  Ibs.  on  the  square  inch,  and  at  times,  when 
rising  steep  gradients,  I  have  known  the  steam  nearly  as 
high  as  200  Ibs.  on  the  inch.  In  a  locomotive  boiler  sub- 
ject to  such  an  enormous  working  pressure,  it  requires  the 
utmost  care  and  attention  on  the  part  of  the  engineer  to 
satisfy  himself  that  the  flat  surfaces  of  the  fire-box  are 
capable  of  resisting  that  pressure,  and  that  every  part  of 
the  boiler  is  so  nearly  balanced  in  its  powers  of  resistance, 
that  when  one  part  is  at  the  point  of  rupture,  every  other 
part  is  on  the  point  of  yielding  to  the  same  uniform  force. 
This  appears  to  be  an  important  consideration  in  mecha- 
nical constructions  of  every  kind,  as  any  material  applied 
for  the  security  of  one  part  of  a  vessel  subject  to  uniform 
pressure,  whilst  another  part  is  left  weak,  is  so  much  ma- 
terial thrown  away ;  and  in  stationary  boilers,  or  in  moving 
bodies,  such  as  locomotive  engines  and  steam-vessels,  it  is 
absolutely  injurious,  at  least  so  far  as  the  parts  are  clispro- 

by  the  recoil  of  the  explosion  ;  then,  by  Tate's  "  Mechanical  Philosophy 
applied  to  Industrial  Mechanics,"  pages  58  and  328,  we  have 

The  work  accumulated  in  the  mass  by  the  recoil  of  the  explosion  = 

The  work  due  to  the  expansion  of  the  steam  =  144gP  log —     Supposing 

*i 

the  motion  of  the  mass  to  take  place  in  the  direction  of  the  line  of  discharge, 
we  have 
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portionate  to  each  other,  and  the  extra  weight,  when  main- 
tained in  motion,  becomes  an  expensive  and  unwieldy  en- 
cumbrance. A  knowledge  of  the  strength  of  the  materials 
used,  and  of  sound  judgment  in  its  distribution,  are  there- 
fore among  the  most  essential  qualifications  of  the  practical 
engineer.  Our  limited  knowledge  and  defective  princi- 
ples of  construction  are  manifest  from  the  numerous  abor- 
tions which  exist,  and  although  I  am  free  to  communicate 
all  that  I  know  on  the  subject,  I  nevertheless  find  myself 
deficient  in  many  of  the  requirements  necessary  for  the 
attainment  of  sound  principles  of  construction. 

Reverting  to  the  question  more  immediately  under  con- 
sideration, it  is,  however,  essential  to  give  the  requisite 
security  to  those  parts  which,  if  left  unsupported,  would 
involve  the  public  as  well  as  ourselves  in  the  greatest 
jeopardy. 

The  greater  portion  of  the  fire-boxes  of  locomotive 
boilers,  as  before  noticed,  have  the  rectangular  form,  and 
in  order  to  economise  heat  and  give  space  for  the  furnace, 
it  becomes  necessary  to  have  an  interior  and  exterior  shell. 
That  which  contains  the  furnace  is  generally  made  of 
copper,  firmly  united  by  rivets,  and  the  exterior  shell, 
which  covers  the  fire-box,  is  made  of  iron  and  united  by 
rivets,  in  the  same  way  as  the  copper  fire-box.  Now  these 
plates  would  of  themselves  be  totally  inadequate,  unless 
supported  by  riveted  stays,  to  sustain  the  pressure.  In 
fact,  with  one-tenth  the  strain,  the  copper  fire-box  would 
be  forced  inwards  upon  the  furnace,  and  the  external 
shell  bulged  outwards,  and  with  every  change  of  force 
these  two  flat  surfaces  would  move  backwards  and  for- 
wards, like  the  sides  of  an  inflated  bladder  at  the  point  of 
rupture.  To  prevent  this,  and  give  the  large  flat  sur- 
faces a  degree  of  strength  equal  to  the  other  parts  of  the 
boiler,  wrought  iron  or  copper  stays,  f  to  1  inch  thick,  are 
introduced ;  they  are  first  screwed  into  the  iron  and  copper 
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on  both  sides  to  prevent  leakage,  and  then  firmly  riveted  to 
the  interior  and  exterior  plates.  These  stays  are  from 
four  to  six  inches  asunder,  forming  a  series  of  squares, 
and  each  of  them  will  resist  a  strain  of  about  fifteen  tons 
before  it  breaks. 

Let  us  now  suppose  the  greatest  pressure  contained  in 
the  boiler  to  be  200  Ibs.  on  the  square  inch,  and  we  have 
6  x  6  x  200  =  7200  Ibs.  or  3J  tons,  the  force  applied  to  a 
square  of  36  inches.  Now  as  these  squares  are  supported 
by  four  stays,  each  capable  of  sustaining  fifteen  tons,  we 
have  4  x  15  =  60  tons  as  the  resisting  powers  of  the  stays ; 
but  the  pressure  is  not  divided  amongst  all  the  four,  but 
each  stay  has  to  sustain  that  pressure ;  consequently  the 
ratio  of  strength  to  the  pressure  will  be  as  4^  to  1  nearly, 
which  is  a  very  fair  proportion  for  the  resisting  power  of 
that  part.* 

We  have  treated  of  the  sides,  but  the  top  of  the  fire-box 
and  the  ends  have  also  to  be  protected,  and  there  being 
no  plate  but  the  circular  top  of  the  boiler  from  which  to 
attach  stays,  it  has  been  found  more  convenient  and 
equally  advantageous  to  secure  those  parts  by  a  series  of 
strong  wrought  iron  bars,  from  which  the  roof  of  the  fire- 
box is  suspended,  and  which  effectually  prevent  it  from 
being  forced  down  upon  the  fire.  It  will  not  be  necessary 
to  go  into  the  calculations  of  those  parts ;  they  are,  when 
riveted  to  the  dome  or  roof,  of  sufficient  strength  to  resist 
a  pressure  of  300  to  400  Ibs.  on  the  square  inch.  This  is, 
however,  generally  speaking,  the  weakest  part  of  the  boiler, 
with  the  exception,  probably,  of  the  flat  end  above  the 
tubes  in  the  smoke-box,  if  not  carefully  stayed. 

In  the  flat  ends  of  cylindrical  boilers,  and  those  of  the 
marine  principle,  the  same  rule  applies  as  regards  con- 
struction, and  a  due  proportion  of  the  parts,  as  in  those 

*  For  a  further  illustration  of  this  subject  see  experiments  on  Locomotive 
Boilers,  Appendix  No.  IL 
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of  the  locomotive  boilers,  must  be  closely  adhered  to. 
Every  description  of  boiler  used  in  manufactories,  or  on 
board  of  steamers,  should,  in  my  opinion,  be  constructed 
to  a  bursting  pressure  of  400  to  500  Ibs.  on  the  square 
inch ;  and  locomotive  engine  boilers,  which  are  subjected 
to  a  much  severer  duty,  to  a  bursting  pressure  of  700  to 
800  Ibs. 

It  now  only  remains  for  me  to  state  that  internal  flues, 
such  as  contain  the  furnace  in  the  interior  of  the  boiler, 
should  be  kept  as  near  as  possible  to  the  cylindrical  form : 
and  as  wrought  iron  will  yield  to  a  force  tending  to  crush 
it  of  about  one-half  of  what  would  tear  it  asunder,  the 
flues  should  in  no  case  exceed  one-half  the  diameter  of 
the  boiler.  But  the  force  of  compression  is  so  different 
from  that  of  tension,  that  I  should  advise  that  the  diameter 
of  the  internal  flues  be  in  the  ratio  of  1  to  2J,  instead  of 
1  to  2,  of  the  diameter  of  the  boiler ;  but  with  our  present 
knowledge  on  this  subject  we  do  not  require  to  restrict 
ourselves  within  the  same  narrow  limits  that  were  prudent 
when  the  laws  of  collapse  were  unknown. 

I  will  not  trouble  you  with  a  description  of  the  hay- 
cock, hemispherical,  and  waggon-shaped  boilers :  they  are 
all  bad  as  respects  their  powers  of  resistance,  and  ought 
to  be  entirely  done  away  with ;  I  shall  congratulate  the 
public  when  they  disappear  from  the  list  of  those  con- 
structions which  have  the  confidence  of  the  man  of 
science  as  well  as  that  of  the  practical  engineer. 

In  conclusion,  I  have  to  recommend  attention  to  a  few 
simple  rules,  which,  if  carefully  observed,  will  lead  to 
the  most  satisfactory  results.  To  construct  boilers  as 
nearly  as  possible  of  maximum  strength,  I  have  already 
observed  that  they  should  be  of  the  cylindrical  form ;  and 
where  flat  ends  are  used,  they  should  be  composed  of 
plates  one-half  thicker  than  those  which  form  the  circum- 
ference. The  flues,  if  two  in  number,  to  be  of  the  thick- 
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Fig.  4. 


ness  shown  in  the  table;,  and  the  flat  ends  to  be  of 
thick  plates  carefully  stayed  with  gussets  of  triangular 
plates  and  angle-iron,  firmly  connecting  them  with  the 
circumference,  as  in  the  annexed  sketch  (Fig.  4).  I 
earnestly  recommend  the  use  of  gussets  as  being  in- 
finitely better,  and  more  certain,  in  their  action  and 
retaining  powers,  than  stay  rods.  Gussets,  when  used, 
should  be  placed  in  lines  diverging  from  the  centre  of  the 
boiler,  and  made  as  long  as  the  position  of  the  flues  and 
other  circumstances  in  the  construction  will  admit.  They 
are  of  great  value  in  retaining  the  ends  in  shape,  and  may 
safely  be  relied  upon  as  imparting  an  equality  of  strength 
to  every  part  of  the  structure. 

I  would  in  conclusion  again  direct  attention  to  the  facts 
which  I  have  endeavoured  to  explain.  You  will,  I  am 
persuaded,  find  them  useful ;  and  I  trust  the  objects  con- 
templated by  the  Committee  of  your  valuable  Institution 
will  be  fully  realised,  in  the  acquisition  of  greater  security, 
and,  I  trust,  in  the  attainment  of  a  more  perfect  know- 
ledge of  the  principles  of  construction. 
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LECTURE  III. 

ON    BOILER    EXPLOSIONS. 

IN  a  former  Lecture  I  endeavoured  to  explain  the  prin- 
ciples on  which  boilers  should  be  constructed,  and  the 
laws  which  govern  the  strength  and  other  properties  of 
these  important  vessels.  The  subject  of  construction  is 
one  of  vast  importance,  and  those  forms  which  give  the 
greatest  security  with  the  least  quantity  of  material  must 
embody  the  true  elements  of  construction,  and  may  be 
considered  as  the  safest  examples  for  imitation.  Boilers, 
of  all  other  vessels,  in  the  variety  of  their  conditions, 
shapes,  and  dimensions,  require  the  head  of  the  philoso- 
pher as  well  as  the  hands  of  the  mechanic.  They  con- 
tain, within  comparatively  narrow  bounds,  a  force  which, 
if  properly  governed,  will  propel  the  largest  and  most 
stately  vessel  against  wind  and  tide;  perform  the  work 
of  a  thousand  hands,  and  drive  a  hundred  cars  loaded 
with  hundreds  of  tons,  at  the  speed  of  the  swiftest  race- 
horse, from  one  extremity  of  the  kingdom  to  the  other. 
They  do  all  this,  and  more ;  they  impart  heat  and  com- 
fort to  our  dwellings,  —  are  essential  in  all  the  require- 
ments of  our  domestic  arrangements, — and  under  judicious 
management,  advance  the  interests  of  commerce,  and  con- 
tribute to  the  enjoyments  of  civilised  existence. 

Reverse  the  picture,  and  entrust  the  construction  and 
management  to  the  hands  of  incapacity  and  ignorance, 
or  to  the  reckless  folly  and  hardihood  of  fancied  security, 
and  death  and  destruction  follow  as  a  result  When 
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the  mischief  is  done,  we  then  begin  to  guess  at  the 
causes,  and  to  lament  the  inconsiderate  confidence  which 
led  to  the  employment  of  incompetency,  and  thence  to 
all  those  errors  of  construction  which  invariably  present 
themselves  after  the  event.  How  often  do  we  hear  of  the 
most  terrible  accidents  terminating  in  the  destruction 
of  life  and  property,  and  how  often  do  we  lament  (when 
too  late)  the  causes  which  led  to  those  frightful  cata- 
strophes I  All  these  accidents  might  be  prevented,  and 
instead  of  using  steam,  which  we  now  do  in  our  manu- 
factories, at  a  pressure  of  5  to  20  Ibs.  on  the  square 
inch,  we  might  with  equal  safety  use  it,  and  enjoy  the 
advantage  of  its  superior  economy,  at  60  Ibs.  on  the  square 
inch.  It  shall  be  my  duty  to  point  out  how  this  may 
be  accomplished,  and  in  these  endeavours  I  hope  to  have 
the  support  of  every  advocate  for  increased  security  to 
the  public,  and  for  a  still  greater  economy  in  the  use  of 
steam. 

Before  I  attempt  to  give  a  complete  solution  to  the 
various  problems  relative  to  boiler  explosions,  I  would 
first  direct  attention  to  a  few  facts  which  bear  more 
directly  upon  the  question  now  at  issue. 

Various  notions  are  entertained  as  to  the  causes  of 
boiler  explosions,  and  scientific  men  are  not  always 
agreed  as  to  whether  they  arise  from  excessive  pressure 
due  to  the  accumulation  of  heat,  or  to  some  other  cause, 
such  as  the  explosion  of  hydrogen  gas,  generated  by  the 
decomposition  of  water  suddenly  thrown  on  heated  plates. 
That  of  the  decomposition  of  water  is,  I  believe,  a  some- 
what prevalent  opinion ;  but  I  apprehend  that  this  cannot 
be  the  invariable  cause,  inasmuch  as  in  this  case  we  must 
always  assume  the  boiler  to  be  nearly  empty  of  water, 
and  the  plates  over  the  furnace  red-hot. 

It  is  not  unreasonable  that  a  force  so  sudden  in  its 
origin,  and  so  immediate  and  destructive  in  its  effects, 

x  4 
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should  suggest  the  presence  of  an  explosive  mixture ;  but 
I  think  it  will  be  difficult,  if  not  impossible,  to  account 
for  the  accumulation  of  a  sufficient  quantity  of  hydrogen, 
together  with  the  presence  of  oxygen,  in  their  due 
proportions,  to  form  an  explosive  compound.  Now  as 
these  elements  cannot  be  generated  all  at  once  by  the 
simple  decomposition  of  water  (admitting  for  the  moment 
that  the  water  is  decomposed),  we  must  look  for  some 
other  cause  for  the  fatal  and  destructive  accidents  which 
of  late  years  have  become  so  prevalent 

In  treating  of  this  subject,  I  hope  to  show  not  only 
what  are  the  probable  causes  of  explosions,  but  that 
which  appears  equally  important,  what  are  not  the  causes. 
So  many  general  theories  (some  of  them  exceedingly 
problematical)  have  been  brought  forward  on  the  occasion 
of  disastrous  explosions,  that  we  must  give  the  utmost 
care  and  attention  to  all  the  circumstances  of  each  parti- 
cular case  of  explosion  before  we  can  decide  with  a 
sufficient  degree  of  confidence  as  to  the  actual  causes 
tending  to  produce  them.  To  acquire  satisfactory  evi- 
dence as  to  the  precise  condition  of  the  boiler  and 
furnace  before  an  explosion,  is  next  to  impossible,  as 
most  frequently  the  parties  in  charge,  and  from  whose 
mismanagement  and  neglect  we  may  in  many  cases  date 
the  origin  of  the  occurrence,  are  the  first  to  become  the 
victims  of  their  own  indiscretion  ;  and  we  can  only  judge 
from  the  havoc  and  devastation  that  ensue  as  to  the  im- 
mediate cause  of  the  event 

From  this  it  follows,  that  in  many  of  the  explosions 
on  record,  few,  if  any,  of  the  real  circumstances  of  the 
cases  are  made  known,  and  we  are  left  to  draw  conclu- 
sions from  the  appearances  of  the  ruptured  parts,  and  the 
terrific  consequences  which  too  frequently  follow.  This 
want  of  evidence  as  to  the  precise  condition  of  a  boiler, 
with  all  its  valves  and  mountings,  preceding  an  explosion, 
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is  much  to  be  regretted,  as  it  causes  a  degree  of  mystery 
to  surround  the  whole  occurrence ;  and  the  vague  and 
sometimes  inaccurate  testimony  of  witnesses  often  baffles 
all  attempts  at  research,  and  creates  additional  cause  of 
alarm  to  all  those  exposed  to  the  occurrence  of  similar 
disasters. 

In  the  discussion  of  this  subject,  I  shall,  however,  en- 
deavour to  trace,  from  a  number  of  cases  in  which  I  have 
been  personally  engaged,  and  from  others  which  have 
come  to  my  knowledge,  the  causes  which  have  led  to 
these  disastrous  effects  ;  and  provided  that  I  am  successful 
in  the  discovery  of  the  true  origin  of  the  majority  of  those 
occurrences,  we  shall  have  less  difficulty  in  devising  and 
applying  the  necessary  remedies  for  their  prevention. 

In  my  attempts  to  ascertain  facts  by  a  course  of  reason- 
ing which  I  shall  have  to  follow  in  this  investigation, 
I  wish  it  to  be  understood  that  it  is  not  my  intention  to 
raise  doubts  and  fears  in  the  public  mind,  calculated  to 
arrest  the  progress  of  commercial  enterprise,  or  to  cripple 
the  energies  of  mechanical  skill.  On  the  contrary,  I  am 
most  anxious  to  promote  the  advancement  of  the  useful 
arts,  to  increase  our  confidence  in  the  application  of 
higher  pressure,  and  to  secure  within  moderate  bounds 
the  economical  and  useful  employment  of  one  of  the  most 
powerful  agents  ever  known  in  the  history  of  practical 
science.  My  object  in  this  inquiry  will,  therefore,  be 
to  enlarge  our  sphere  of  action  by  a  more  comprehensive 
knowledge  of  the  subject  on  which  it  treats ;  to  enforce 
the  necessity  of  greater  caution  along  with  improved  con- 
struction ;  and  to  ensure  confidence  in  all  those  appliances 
essential  to  the  public  security. 

For  the  attainment  of  these  objects  it  will  be  necessary 
to  divide  the  subject  into  the  following  heads  :  - 

1st.  Boiler  explosions  arising  from  accumulated  internal 
pressure. 
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2nd.  Explosions  from  deficiency  of  water. 

3rd.  Explosions  produced  from  collapse. 

4th.  Explosions  from  defective  construction. 

5th.  Explosions  arising  from  mismanagement  or  igno- 
rance ;  and 

6th.  The  remedies  applicable  for  the  prevention  of  these 
accidents. 

1st.  Boiler  explosions  arising  from  accumulated  internal 
pressure. 

In  nine  cases  out  of  ten,  a  continuous  increasing 
pressure  of  steam,  without  the  means  of  escape,  is  the 
immediate  cause  of  explosion.  In  some  instances  it  arises 
from  deficiency  of  water,  but  accidents  of  this  kind 
are  comparatively  few  in  number,  as  we  more  often  find, 
in  tracing  the  causes,  that  they  have  their  origin  in 
undue  pressure,  emanating  from  progressive  accumula- 
tion of  steam  of  great  pressure  and  density.  A  large 
boiler  under  the  influence  of  a  furnace  in  active  com- 
bustion will  generate  an  immense  quantity  of  steam, 
and  unless  this  is  carried  off  by  the  safety-valve  or  the 
usual  channels  when  so  generated,  the  greatest  danger 
may  be  apprehended  from  the  continuous  increase  of  pres- 
sure that  is  taking  place  within  the  boiler.  Suppose 
that,  from  some  cause,  the  steam  thus  accumulated  does 
not  escape  with  the  same  rapidity  with  which  it  is  gene- 
rated, —  that  the  safety-valves  are  either  inadequate  to 
the  full  discharge  of  the  surplus  steam,  or  that  they  are 
entirely  inoperative,  which  is  sometimes  the  case, — and  we 
have  at  once  the  clue  to  the  injurious  consequences  which, 
as  a  matter  of  fact,  are  sure  to  follow.  The  event  may 
be  delayed,  and  repeated  trials  of  the  antagonistic  forces 
from  within,  and  the  resistance  of  the  plates  from  without, 
may  occur  before  the  appearance  of  danger,  but  these  expe- 
riments often  repeated  will  at  length  injure  the  resisting 
powers  of  the  material,  and  the  ultimatum  will  be  the 
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arrival  of  the  fatal  moment  when  the  balance  of  the  two 
forces  is  destroyed  and  explosion  ensues.  How  very 
often  do  we  find  extreme  internal  pressure  to  be  the 
true  cause  of  accidents,  and  how  very  easily  these 
accidents  might  be  avoided  by  the  attachment  of  pro- 
per safety-valves  to  allow  the  steam  to  escape,  and 
relieve  the  boiler  of  those  severe  trials  which  ultimately 
lead  to  destruction !  If  a  boiler,  whose  generative  power 
is  equal  to  100,  be  worked  at  a  pressure  of  10  Ibs.  on  the 
square  inch,  the  area  of  the  safety-valves  should  also  be 
equal  to  100,  in  order  to  prevent  a  continuous  increase  of 
pressure  ;  or  in  case  of  the  adhesion  of  any  of  the  valves, 
it  is  desirable  that  their  areas  should,  collectively,  be  equal 
to  100.  If  two  or  more  valves  are  used,  100  or  120 
would  then  be  the  measure  of  the  outlet.*  Under  these 
precautions,  and  with  a  boiler  so  constructed,  the  risk  of 
accident  is  greatly  diminished ;  and  provided  one  of  the 
valves  is  kept  in  working  order,  beyond  the  reach  of  inter- 
ference by  the  engineer,  or  any  other  person,  we  may 
venture  to  assume  that  the  means  of  escape  are  at  hand, 
irrespectively  of  the  temporary  stoppage  of  the  usual 
channels  for  carrying  off  the  steam. 

So  many  accidents  have  occurred  from  this  cause  —  the 
defective  state  of  the  safety-valves  —  that  I  must  request 
attention  whilst  I  enumerate  a  few  of  the  most  prominent 
cases  that  have  come  before  me.  In  the  year  1845  a  tre- 
mendous explosion  took  place  at  a  cotton  mill  in  Bolton. 
The  boilers,  three  in  number,  were  situated  under  the  mill, 
and  from  the  unequal  capacity  and  imperfect  state  of  the 
safety-valves  (as  they  were  probably  fast),  a  terrific  ex- 
plosion of  the  weakest  boiler  took  place,  which  tore  up 


*  This  may  be  stated  in  other  words,  viz.  that  the  generative  powers  of 
a  boiler  being  eqnal  to  a  given  number  of  square  inches  of  area,  say  50, 
the  area  of  the  safety-valve  should  also  be  50. 
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the  plates  along  the  bottom,  and,  the  steam  having  no  out- 
let at  the  top,  not  only  burst  out  the  end  next  the  furnace, 
demolishing  the  building  in  that  direction,  but  tore  up  the 
top  on  the  opposite  side,  and  the  boiler  was  projected  up- 
wards in  an  oblique  direction,  carrying  the  floors,  walls, 
and  every  other  obstruction  before  it ;  ultimately  it  lodged 
itself  across  the  railway  at  some  distance  from  the  building. 
Looking  at  the  disastrous  consequences  of  this  accident, 
and  the  number  of  persons  (from  16  to  18)  who  lost  their 
lives  on  the  occasion,  it  became  a  subject  of  deep  interest 
to  the  community  that  a  close  investigation  should  be  im- 
mediately instituted,  and  a  recommendation  followed  that 
every  precaution  should  be  used  in  the  construction  as 
well  as  the  management  of  boilers. 

The  next  fatal  occurrence  on  record  in  this  district  was 
at  Ashton-under-Lyne,  where  a  boiler  exploded  under 
similar  circumstances,  namely,  from  excessive  interior 
pressure,  when  four  or  five  lives  were  lost ;  and  again  at 
Hyde,  a  similar  accident  occurred  from  the  same  cause, 
which  was  afterwards  traced  to  the  insane  act  of  the 
stoker  or  engineer,  who  prevented  all  means  for  the  steam 
to  escape  by  tying  down  the  safety-valve. 

There  was  a  boiler  explosion  at  Malaga,  in  Spain,  some 
years  since,  and  my  reason  for  noticing  it  in  this  place  is 
to  show  that  explosions  may  be  apprehended  from  other 
causes  than  those  enumerated  in  the  divisions  of  this 
inquiry,  and  one  of  these  is  incrustation.  Dr.  Ritter- 
brandt  says,  in  a  paper  read  before  the  Institution  of  Civil 
Engineers,  by  an  eminent  chemist,  Mr.  West,  "  That  a 
sudden  evolution  of  steam  under  circumstances  of  incrus- 
tation is  no  uncommon  occurrence."  In  several  instances 
I  have  known  this  to  be  the  case,  particularly  in  marine 
boilers,  where  the  incrustation  from  salt  water  becomes  a 
serious  grievance,  both  as  regards  the  duration  of  the 
boiler  and  the  economy  of  fuel. 
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If  it  were  supposed,  as  Dr.  Ritterbrandt  observes,  that 
the  boiler  was  incrusted  to  the  extent  of  half  an  inch,  it 
would  at  once  be  seen  that  nothing  was  more  easy  than  to 
heat  the  boiler  strongly,  even  to  a  red  heat,  without  the 
immediate  contact  of  water.  Under  these  circumstances, 
the  hardened  deposits  being  firmly  attached  to  the  plates, 
and  forming  an  imperfect  conductor  of  heat,  would  tend 
greatly  to  increase  the  temperature  of  the  iron,  and  the 
difference  of  temperature  thus  induced  between  the  iron 
and  the  incrustation,  and  the  greater  expansibility  of  the 
iron,  would  cause  the  incrustation  to  separate  from  the 
plates,  and  the  water  rushing  in  between  them  would 
generate  a  considerable  charge  of  highly  elastic  steam,  and 
thus  endanger  the  security  of  the  boiler. 

These  phenomena  were  singularly  exemplified  in  the 
Malaga  explosion,  which  is  thus  described  by  Mr.  Hick:— 
"  I  have  ascertained  that  a  very  thick  incrustation  of  salt 
was  formed  on  the  lower  part  of  the  boiler,  immediately 
over  the  fire,  and  so  far  as  it  extended  the  plates  appear 
to  have  been  red-hot,  being  thereby  much  weakened,  and 
hence  the  explosion.  The  ordinary  working  pressure  of 
the  boiler  is  130  Ibs.  per  square  inch,  and  perhaps  at  the 
time  of  the  explosion  very  much  above  that  pressure,  as 
there  was  only  one  small  safety-valve  of  two  and  a  half 
inches  diameter.  The  boiler  was  only  2  feet  6  inches  dia- 
meter, and  20  feet  long." 

Incrustation,  exclusively  of  being  dangerous,  is  attended 
with  great  expense  and  injury  to  the  boiler  in  its  removal. 
In  the  case  of  the  transatlantic,  oriental,  or  other  long  sea- 
going vessels,  even  after  the  use  of  brine-pumps,  blowing 
off,  &c.,  a  very  large  amount  of  incrustation  is  formed, 
and  considerable  sums  of  money  are  expended  each  voyage 
to  remove  it 

Other  explosions  of  a  more  recent  date  are  those  which 
occurred  at  Bradford  and  Halifax.  They  are  still  fresh  in 
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the  recollection  of  the  public  mind,  and  are  so  well  known 
as  not  to  require  notice  in  this  place.* 

I  cannot,  however,  leave  this  part  of  the  subject  without 
reverting  to  an  accident  which  occurred  on  the  Lancashire 
and  Yorkshire  Railway,  which  had  its  origin  in  the  same 
cause — excessive  internal  pressure.  This  accident  is  the 
more  peculiar  as  it  led  to  a  long  mathematical  disquisition 
as  to  the  nature  of  the  forces,  which  produced  results  at 
once  curious  and  interesting.  The  conclusions  at  which  I 
arrived,  although  practically  right,  were,  however,  considered 
by  some  mathematically  wrong,  as  they  were  firmly  com- 
bated by  several  eminent  mathematicians;  but  notwith- 
standing the  number  of  algebraic  formulae,  and  the  learned 
discussions  of  my  friends  on  that  occasion,  I  have  been 
unable  to  change  the  opinions  I  then  formed. 

The  accident  here  alluded  to  occurred  to  the  "Irk" 
locomotive  engine,  which  in  February  1845  blew  up  and 
killed  the  driver,  stoker,  and  another  person  who  was 
standing  near  the  spot  at  the  time.  A  great  difference  of 
opinion  as  to  the  cause  of  this  accident  was  prevalent  in 
the  minds  of  those  who  witnessed  the  explosion,  some 
attributing  it  to  a  crack  in  the  copper  fire-box,  and  others 
to  the  weakness  of  the  stays  over  the  top.  Neither  of 
these  opinions  was,  however,  correct,  as  it  was  afterwards 
demonstrated  that  the  material  was  not  only  entirely  free 
from  cracks  and  flaws,  but  the  stays  were  proved  sufficient 
to  resist  a  pressure  of  150  to  200  Ibs.  on  the  square  inch. 
The  true  cause  was  afterwards  ascertained  to  arise  from 
the  fastening  down  of  the  safety-valve  of  the  engine  (an 
active  fire  being  in  operation  under  the  boiler  at  the  time), 
which  was  under  the  shed,  with  the  steam  up,  ready  to 
start  with  the  early  morning  train.  The  effect  of  this  was 

•  Since  the  above  was  written  another  terrific  explosion  has  taken  place 
at  Rochdale,  accompanied  with  great  loss  of  life.  See  Report  on  the 
Rochdale  Boiler  Explosion,  July  15th,  1854.  Appendix  No.  1IL 
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the  forcing  down  of  the  top  of  the  copper  fire-box  upon 
the  blazing  embers  of  the  furnace,  which,  acting  upon  the 
principle  of  the  rocket,  elevated  the  boiler  and  engine  of 
20  tons  weight  to  a  height  of  30  feet,  which,  in  its  ascent, 
made  a  summersault  in  the  air,  passed  through  the  roof  of 
the  shed,  and  ultimately  landed  at  a  distance  of  60  yards 
from  its  original  position.  The  question  which  excited 
most  interest,  was  the  absolute  force  required  to  fracture 
the  fire-box,  its  peculiar  properties  when  once  liberated, 
and  the  elastic  or  continuous  powers  in  operation,  which 
forced  the  engine  from  its  place  to  an  elevation  of  30  feet 
from  the  position  in  which  it  stood.  An  elaborate  mathe- 
matical discussion  ensued  relative  to  the  nature  of  these 
forces,  which  ended  in  the  opinion  that  a  pressure  suffi- 
cient to  rupture  the  fire-box,  was,  by  its  continuous  action, 
sufficient  to  elevate  the  boiler  and  produce  the  results 
which  followed.  Another  reason  was  assigned,  namely, 
that  an  accumulated  force  of  elastic  vapour,  at  a  high  tem- 
perature, with  no  outlet  through  the  valves,  having  sud- 
denly burst  upon  the  glowing  embers  of  the  furnace, 
would  charge  the  products  of  combustion  with  their  equi- 
valents of  oxygen,  and  hence  explosion  would  follow. 
Whether  one  or  both  of  these  two  causes  were  in  opera- 
tion is  difficult  to  determine;  at  all  events,  we  have  in 
many  instances  precisely  the  same  results  produced  from 
similar  causes,  and  unless  greater  precaution  is  used  in  the 
prevention  of  excessive  pressure,  we  may  naturally  expect 
a  repetition  of  the  same  fatal  consequences. 

The  preventives  against  accidents  of  this  kind  are,  well 
constructed  boilers  of  the  strongest  form,  and  duly  pro- 
portioned safety-valves ;  one  under  the  immediate  control 
of  the  engineer,  and  the  other,  as  a  reserve,  under  the 
keeping  of  some  competent  authority. 

2nd.  Explosions  from  deficiency  of  water. 

This  division  of  the  subject  requires  the  utmost  care  and 
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attention,  as  the  circumstance  of  boilers  being  short  of 
water  is  not  an  unusual  occurrence.  Imminent  danger 
frequently  arises  from  this  cause ;  and  it  cannot  be  too 
forcibly  impressed  upon  the  minds  of  engineers,  that  there 
is  no  part  of  the  apparatus  constituting  the  mountings  of 
a  boiler  which  requires  greater  attention — probably  the 
safety-valves  not  excepted — than  that  which  supplies  it 
with  water.  A  well-constructed  pump,  and  self-acting 
feeders,  when  boilers  are  worked  at  a  low  pressure,  are  in- 
dispensable ;  and  where  the  latter  cannot  be  applied,  the 
glass  tubular  gauge,  steam-  and  water-cocks  must  have 
more  than  ordinary  attention. 

In  a  properly  constructed  boiler  every  part  of  the 
metal  exposed  to  the  direct  action  of  the  fire  should  be 
in  immediate  contact  with  the  water;  and  when  proper 
provision  is  made  to  maintain  the  water  at  a  sufficient 
height  above  the  plates  so  exposed,  accidents  can  never 
occur  from  this  cause. 

Should  the  water,  however,  get  low  from  defects  in  the 
pump,  or  any  stoppage  of  the  regulating  feed- valves,  and 
the  plates  over  the  furnace  become  red-hot,  we  then  risk 
the  bursting  of  the  boiler,  even  at  the  ordinary  working 
pressure.  We  have  no  occasion,  under  such  circum- 
stances, to  search  for  another  cause,  from  the  fact  that  the 
material  when  raised  to  a  red  heat  has  lost  about  five- 
sixths  of  its  strength,  and  a  force  of  less  than  one-sixth 
will  be  found  amply  sufficient  to  bear  down  the  plates 
direct  upon  the  fire,  or  to  burst  the  boiler. 

An  erroneous  opinion  has  gone  abroad  that  boilers  are 
burst  from  the  production  of  hydrogen  gas,  and  that  when 
suddenly  replenished  with  water  when  the  plates  are  in  a 
state  of  incandescence  or  red-hot.  Now  there  cannot  be 
a  greater  fallacy  than  this,  as  it  can  be  shown  that  water 
poured  upon  hot  plates  in  a  close  vessel  resolves  itself 
into  steam  :  the  experiments  of  the  Committee  of  the 
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Franklin  Institute,  as  well  as  the  evidence  of  Mr.  Pearsall 
—a  pupil  of  Faraday's* — given  in  his  examination  at  Hull 
on  the  bursting  of  the  Union  Steam  Packet's  boiler,  con- 
firm this  opinion.  That  gentleman  states,  that  "  in  his 
opinion  it  could  not  have  taken  place  if  the  boiler  had 
been  sufficiently  supplied  with  water,  unless  the  steam 
generated  was  prevented  escaping  by  some  great  force 
which  would  hold  the  safety-valve  fastened  down  or  ob- 
structed. I  consider  the  immediate  cause  of  the  bursting 
of  the  boiler  to  have  been  the  expansive  power  of  steam, 
because  steam  is  capable  of  producing  any  such  effects. 
I  am  most  decidedly  of  opinion  that  it  did  not  arise  from 
gas.  My  reasons  for  that  opinion  are,  that  although  water 
is  decomposed  rapidly  by  red-hot  iron,  yet  it  requires  that 
the  surface  of  the  iron  should  be  in  a  metallic  state ;  a  new 
boiler  is  nearly  in  that  condition,  but  not  quite  so ;  there 
is  just  the  chance  that  if  a  new  boiler  were  employed,  and 
any  pure  water  admitted  in  small  quantity,  so  as  to  allow 
portions  of  the  boiler  to  become  red-hot,  then  water  might 
become  decomposed ;  but  such  circumstances  would  at  the 
same  time  be  sufficient  to  generate  an  incalculable  amount 
of  steam.  Such  explosion,  therefore,  would  arise  from 
mixed  causes — such  as  the  presence  of  the  gas,  and  the 
enormous  amount  of  steam  and  its  great  pressure.  I  can- 
not suppose  a  case  where  such  decomposition  of  water  and 
evolution  of  gas  would  take  place  where  such  water  is 
employed  as  that  of  the  Humber,  or  as  that  furnished  by 
the  ocean.  Such  gas  would  not  be  inflammable  of  itself ; 
there  must  be  the  presence  of  atmospheric  air  or  oxygen, 
and  of  flame,  or  a  substance  heated  to  a  very  high  degree." 
Such  are  the  opinions  of  a  gentleman  whose  education 
and  pursuits  enabled  him  to  arrive  at  a  correct  conclusion ; 
and  I  am  firmly  persuaded  that  no  explosion  can  possibly 

*  Mr.  Faraday  has  since  expressed  his  own  opinion  that  explosions  are 
not  likely  to  arise  from  the  formation  of  hydrogen  in  the  boiler. 

F 
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take  place  from  the  production  of  hydrogen  gas,  even 
assuming  this  to  occur,  without  its  equivalent  of  atmo- 
spheric air  or  oxygen.  In  a  close  vessel,  such  as  a  boiler, 
atmospheric  air  is  inadmissible;  and  how  is  it  possible 
that  an  explosive  mixture  can  be  formed  under  circum- 
stances so  extremely  adverse  to  such  an  hypothesis  ?  In 
fact,  I  am  of  opinion  that  we  have  no  foundation  for  such 
a  theory,  nor  have  we  the  least  shadow  of  evidence  to 
prove  the  presence  of  hydrogen  gas  in  a  boiler. 

When  a  boiler  becomes  short  of  water,  the  first,  and 
perhaps  the  most  natural  act,  is  to  run  to  the  feed-valve 
and  pull  it  wide  open.  This  certainly  remedies  the  de- 
ficiency, but  increases  the  danger,  by  suddenly  pouring 
upon  the  incandescent  plates  a  large  body  of  water,  which 
coming  in  contact  with  a  reservoir  of  intense  heat,  is  cal- 
culated to  produce  highly  elastic  steam.  This  has  been 
hitherto  controverted  by  several  eminent  chemists  and 
philosophers ;  but  I  make  no  doubt  that  such  is  the  case 
unless  the  pressure  has  forced  the  plates  into  a  concave 
shape,  which  for  a  time  would  retard  the  evaporisation  of 
the  water  when  suddenly  thrown  upon  them.  Some 
curious  experimental  facts  have  been  elicited  on  this  sub- 
ject, and  those  of  M.  Boutigny,  and  Professor  Bowman, 
of  King's  College,  London,  show  that  a  small  quantity  of 
water  projected  upon  a  hot  plate  does  not  touch  it ;  that 
it  forms  itself  into  a  globule  surrounded  with  a  thin  film, 
and  rolls  about  upon  the  plate  without  the  lea-t  appear- 
ance of  evaporation.  A  repulsive  action  takes  place,  and 
these  phenomena  are  explained  upon  the  supposition  that 
the  spheroid  has  a  perfectly  reflecting  surface,  and  con- 
sequently the  heat  of  the  incandescent  plate  is  reflected 
back  upon  it.  What  is,  however,  the  most  extraordinary 
in  these  experiments,  is  the  fact  that  the  globule,  whilst 
rolling  upon  a  red-hot  plate,  never  exceeds  a  temperature 
of  about  204°  of  Fahrenheit ;  and  in  order  to  produce 
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ebullition,  it  is  necessary  to  cool  the  plate  until  the  water 
lupins  to  boil,  when  it  is  rapidly  dissipated  in  steam. 

The  experiments  by  the  Committee  of  the  Franklin 
Institute  on  this  subject,  give  some  interesting  and  useful 
ivMilts.  That  Committee  found  that  the  temperature  at 
which  clean  iron  vaporised  drops  of  water,  was  334° 
Fahrenheit.  The  development  of  a  repulsive  force  which 
I  have  endeavoured  to  describe  was,  however,  so  rapid 
above  that  temperature,  that  drops  which  required  but 
one  second  of  time  to  disappear  at  the  temperature  of 
maximum  vaporisation,  required  152  seconds  when  the 
metal  was  heated  to  395°  of  Fahrenheit.  The  Com- 
mittee go  on  to  state  that  "  One  ounce  of  water  intro- 
duced into  an  iron  bowl  three-sixteenths  of  an  inch  thick, 
and  supplied  with  heat  by  an  oil-bath,  at  the  temperature 
of  546°,  was  vaporised  in  fifteen  seconds,  while  at  the 
initial  temperature  of  507°,  that  of  the  most  rapid  evapo- 
risation  was  thirteen  seconds." 

The  reduction  of  the  temperature  of  the  metal  is  here 
followed  by  an  increase  in  the  rapidity  of  the  evaporisa- 
tion,  which,  by  a  reduction  of  38°,  is  effected  in  thirteen 
seconds  instead  of  fifteen  seconds. 

This  does  not,  however,  hold  good  in  every  case,  as  an 
increased  quantity  of  water,  say  from  one-eighth  of  an 
ounce  to  two  ounces,  thrown  upon  heated  plates,  raised 
the  temperature  of  vaporisation  from  460°  to  600°  Fah- 
renheit; thus  clearly  showing  that  the  time  required  for  the 
generation  of  explosive  steam  under  these  circumstances  is 
attended  with  danger;  and  it  may  be  doubted  whether 
the  ordinary  safety-valves  are  fully  adequate  for  its  escape. 

Numerous  examples  may  be  quoted  to  show  that  ex- 
plosions from  deficiency  of  water,  although  less  frequent 
than  those  arising  from  undue  pressure,  are  not  un- 
common. They  are  nevertheless,  in  comparison  with 
explosions  from  other  causes,  few  in  number,  and  the 
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preventives  are  good  pumps,  self-acting  feeders  (when 
they  can  be  applied),  and  all  those  boiler  appendages, 
such  as  water  cocks,  water  gauges,  floats,  alarms,  and  other 
indicators  of  the  loss  and  reduction  of  water  in  the  boiler. 

3rd.  Explosions  occasioned  by  collapse. 

Accidents  from  this  cause  cannot  strictly  be  called  ex- 
plosions, as  they  arise,  not  from  internal  force  which 
bursts  the  boiler,  but  from  the  sudden  action  of  a  vacuum 
within  it.  In  high-pressure  boilers,  from  their  superior 
strength  and  circular  form,  these  accidents  seldom  occur, 
and  the  low-pressure  boiler  is  effectually  guarded  against 
it  by  a  valve  which  opens  inwards  by  the  pressure  of  the 
atmosphere  whenever  a  vacuum  occurs.  In  some  cases  a 
collapse  of  the  internal  flues  of  boilers  has  been  known  to 
take  place  from  a  partial  vacuum  within  them,  which, 
united  to  the  pressure  of  the  steam,  has  forced  down  the 
top  and  sides  of  the  flue,  and  with  fatal  effect  discharged 
the  contents  of  the  boiler  into  the  ash-pit,  and  destroyed 
and  scalded  everything  before  it.  A  circumstance  of  this 
kind  occurred  on  the  Thames,  some  years  since,  on 
board  the  steamer  Victoria,  when  a  number  of  persons 
lost  their  lives,  and  serious  injury  was  sustained  by  others 
in  all  parts  of  the  vessel  within  reach  of  the  steam.  This 
accident  could  not,  however,  be  called  an  explosion,  but  a 
collapse  of  the  internal  flues,  which  were  of  large  dimen- 
sions, and  the  consequent  discharge  of  large  quantities  of 
steam  and  water  into  the  space  occupied  by  the  engines. 

One  or  two  cases  which  bear  more  directly  on  this 
point  are,  however,  on  record,  and  one  of  them,  which 
took  place  in  the  Mold  mines,  in  Flintshire,  was  attended 
with  explosion.  The  particulars,  as  given  by  Mr.  John 
Taylor,  will  be  found  circumstantially  recorded  in  the 
first  volume  of  the  Philosophical  Magazine,  2nd  sen, 
p.  126.  This  occurrence  seems  to  prove  that  rarefaction 
produced  in  the  flues  of  a  high-pressure  boiler  may  deter- 
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mine  an  explosion.  The  boiler  which  exploded  belonged 
to  a  set  of  three  boilers  which  feed  the  same  engine ; 
the  fuel  used  was  bituminous  coal.  The  furnace-doors 
of  all  three  of  the  boilers  had  been  opened,  and  the 
dampers  of  two  had  been  closed,  when  a  gust  of  flame 
was  seen  to  issue  from  the  mouth  of  the  furnace  of  these 
latter,  and  was  immediately  followed  by  an  explosion. 
The*  interior  flue  of  this  boiler  was  flattened  from  the  sides, 
the  flue  and  shell  of  the  boiler  remaining  in  their  places, 
and  the  safety-valve  upon  the  latter  not  being  injured. 

Similar  cases  of  collapse  might  be  mentioned,  but  as 
most  of  them  were  attended  by  a  defective  supply  of 
water  in  the  boiler,  the  plates  over  the  fire  having 
become  heated,  they  can  scarcely  be  included  in  the 
category  of  this  class  of  accidents,  and  more  properly 
belong  to  those  of  which  we  have  just  treated, — explo- 
sions from  a  deficiency  of  water  in  the  boiler. 

It  is  nevertheless  necessary  to  observe,  that  cases  of 
collapse  should  be  carefully  guarded  against,  as  the  great 
source  of  danger  is  in  the  escape  of  hot  water,  which,  with 
the  steam  generated  by  it,  produces  death  in  one  of  its 
worst  and  most  painful  forms. 

The  remedies  for  these  accidents  will  be  found  in  the 
vacuum  valve,  and  in  the  careful  construction  of  the  flues 
with  respect  to  their  form  as  well  as  their  strength. 

4th.  Explosions  from  defective  construction. 

This  is  perhaps  one  of  the  most  important  divisions  that 
can  possibly  engage  our  attention,  and  on  which  it  shall 
be  my  duty  to  enlarge.  In  a  previous  inquiry  I  have 
already  shown  the  nature  of  the  strain  which  boilers 
undergo,  and  the  ultimate  resistance  which  the  material 
used  in  their  construction  is  able  to  bear.  We  have  not, 
however,  in  all  cases,  shown  the  distribution  and  position 
in  which  that  material  should  be  placed  in  order  to  attain 
the  maximum  of  strength,  and  to  afford  to  the  public  the 
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greatest  security  in  the  resisting  powers  of  vessels  sub- 
ject to  severe  and  sometimes  ruinous  pressure.  This  is  a 
subject  of  so  much  importance  that  I  shall  be  under  the 
necessity  of  trespassing  upon  your  time,  in  endeavouring 
to  point  out  the  advantages  peculiar  to  form,  and  to  the 
use  of  a  sound  and  perfect  system  of  construction. 

For  a  number  of  years  the  haycock,  hemispherical,  and 
waggon-shaped  boilers  were  those  generally  employ ed  ;  and 
it  was  not  until  high-pressure  steam  was  first  introduced 
into  Cornwall  that  the  cylindrical  form  with  hemisphe- 
rical ends,  and  the  furnace  under  the  boiler,  came  into 
use.  Subsequently  this  gave  way  to  the  introduction 
of  a  large  internal  flue  extending  the  whole  length  of  the 

Fig.  5. 


boiler,  and  in  this  the  furnace  was  placed.  For  many 
years  this  was  the  best  and  most  economical  boiler  in 
Cornwall,  and  its  introduction  into  these  districts  has 
effected  great  improvements  in  the  economy  of  fuel  as 
well  as  in  the  strength  of  the  boiler.  Several  attempts 
have  been  made  to  improve  this  boiler  by  cutting  away 
one-half  of  the  end,  in  order  to  admit  a  larger  furnace. 
It  was  first  done  by  the  Butterley  Company,  and  has 
since  gone  by  the  name  of  the  Butterley  boiler.  This 
construction  has  the  same  defects  as  the  haycock  or  hemi- 
spherical and  waggon-shaped  boilers ;  it  is  weak  over  the 
fire-place,  and  cannot  well  be  strengthened  without  in- 
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jury  to  the  part  A,  fig.  5,  of  the  boiler,  from  the  vast 
nuiulx  r  of  stays  necessary  to  suspend  the  part  which 
forms  the  canopy  of  the  furnace.  Of  late  years  a  much 
greater  improvement  has,  however,  been  effected  by  the 
double  flue,  BB,  fig.  6,  and  double  furnace  boiler. 

It   was   patented   in   connection   with   the  process  of 
alternate  firing  by  Messrs.  Wm.  Fairbairn  and  Sons,  is 

Fig.  6. 


now  in  general  use,  and  has  nearly  superseded  all  the 
other  constructions.  It  consists  of  a  cylinder,  varying 
from  5  to  7  feet  in  diameter,  with  two  flues  which 
extend  the  whole  length  of  the  boiler  ;  they  are  perfectly 
cylindrical,  and  of  sufficient  magnitude  to  admit  a  fur- 
nace in  each.  This  boiler  is  the  simplest,  and  probably 
the  most  effective,  that  has  yet  been  constructed.  It 
presents  a  large  flue  surface  as  the  recipient  of  heat,  and 
the  double  flues,  when  riveted  to  the  flat  ends,  add  greatly 
to  the  security  and  strength  of  those  parts.  It  moreover 
admits  of  the  new  process  of  alternate  firing,  so  highly 
conducive  to  perfect  combustion,  and  the  prevention  of 
the  nuisance  of  smoke. 

Another  form  of  boiler,  in  which  a  number  of  small 
tubes  are  introduced,  is  a  powerful  generator  of  steam, 
from  the  extent  of  its  flue  surface,  and  the  facility  with 
which  the  repairs  can  be  effected.  It  does  not  present 
any  greater  security  against  explosion  than  the  boiler  with 
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two  simple  flues,  but  its  construction  on  the  tubular  system 
effects  a  great  saving  in  space,  and  is  considered  to  be  pro- 
ductive of  the  advantages  of  economy  in  the  consumption 
of  fuel  and  the  prevention  of  smoke.  This  boiler  is 
constructed  with  a  large  internal  flue,  divided  in  the 
middle,  which  admits  of  two  fire-places  and  alternate 
firing.  In  the  space  which  I  call  the  mixing  chamber 
the  products  of  combustion  amalgamate,  and  are  thus 
ignited  before  they  enter  the  tubes,  and  from  which  they 
issue  into  the  end  flues,  and  from  thence  to  the  chimney 
in  the  usual  way.  In  this  respect  it  will  be  observed 
that  the  boiler  has  the  same  form  as  the  boiler  last 
described,  and  contains  the  same  elements  of  strength  as 
the  double-flue  boiler,  the  only  difference  being  a  com- 
bination of  the  locomotive  or  marine  tubular  system, 
which  contains  a  large  absorbent  heating  surface  in  a 
small  space.* 

It  will  not  be  necessary  to  multiply  examples  of  con- 
struction, as  I  have  already  described  those  which  I  con- 
sider best  calculated  to  sustain  severe  pressure.  When  the 
different  parts  of  these  boilers  are  judiciously  and  skilfully 
arranged,  with  a  grate-bar  surface  well  proportioned  to 
the  amount  of  flue  surface  as  the  recipient,  we  may  rea- 

*  In  some  cases  it  has  been  found  necessary  to  extend  the  circulation  of 
the  heated  currents,  as  they  issue  from  the  tubes  or  flues,  by  leading  them 
round  underneath  the  boiler  in  the  usual  way,  in  order  to  prevent  the  escape 
of  too  much  heat  up  the  chimney.  This  shows  that  the  recipient  surface  of 
the  tubes  is  insufficient  under  the  process  of  active  combustion,  and  is  pro- 
bably another  reason  for  the  introduction  of  increased  boiler  surface  ;  it 
being  evident  that  time  is  an  important  element  in  the  process  of  economi- 
cal working  ;  and  provided  this  has  to  be  accomplished,  the  absorbent 
surfaces  must  be  enlarged  to  the  extent  of  reducing  the  temperature  of  the 
heated  products  as  they  leave  the  boiler  to  500°  or  600°  of  Fahrenheit. 
After  ten  years'  experience  I  have  come  to  the  conclusion,  however,  that  no 
advantage  is  derived  from  the  multitubulur  stationary  boiler.  It  is  not  so 
durable  as  the  plain  double  flue  boiler,  and  is  more  liable  to  collapse  of  the 
part  which  forms  the  mixing  chamber  between  the  furnaces  and  the  tubes. 
The  same  weakness  exists  in  what  is  called  the  galloway  boiler. 
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sonably  conclude  that  we  are  not  far  from  attaining  the 
maximum  of  strength,  together  with  the  greatest  economy 
in  the  consumption  of  fuel. 

The  means  necessary  to  be  employed  for  the  prevention 
of  accidents,  arising  from  the  sources  here  considered,  are 
a  knowledge  of  the  principles  of  construction,  and  an 
acquaintance  with  the  strength  and  properties  of  the 
materials  used  for  that  purpose. 

5th.  Explosions  arising  from  mismanagement  or  igno- 
rance. 

To  mismanagement,  ignorance,  and  the  misapplication 
of  a  few  leading  principles  in  connection  with  the  use  of 
steam,  may  be  traced  the  great  majority  of  accidents  which 
from  time  to  time  occur.  Many  of  these  accidents,  so 
fruitful  in  the  destruction  of  property  and  human  life, 
might  be  prevented,  if  we  had  well-constructed  vessels, 
judiciously  united  to  skill  and  competency  in  the  manage- 
ment. To  convey  a  few  practical  instructions  to  engineers, 
stokers,  and  engine-men,  would  be  an  undertaking  of  no 
great  difficulty.  A  young  man  of  ordinary  capacity  would 
learn  all  that  is  necessary  in  a  few  months ;  and  if  placed 
under  competent  instructors,  he  might  soon  be  made  ac- 
quainted with  the  properties  of  steam,  such  as  its  elastic  force 
at  different  degrees  of  pressure,  and  with  other  require- 
ments, such  as  the  advantages  peculiar  to  sensitive  and 
easy-working  safety-valves,  the  necessity  for  keeping  them 
clean  and  in  good  working  condition,  the  use  of  water 
gauges,  fusion  plugs,  indicators,  signals,  &c.  &c.,  as  con- 
nected with  the  supply  and  height  of  water  in  the  boiler, 
the  dangers  to  be  apprehended  from  a  scarcity  of  water,  and 
the  danger  from  explosion  when  the  engine  is  standing, 
or  when  the  usual  channels  for  relieving  the  boiler  of  its 
surplus  steam  are  stopped.  The  stoker,  as  well  as  the 
engineer,  should  be  thoroughly  acquainted  with  all  these 
parts  of  elementary  instruction;  and  no  proprietor  of  a 
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mill,  captain  of  a  steam-ship,  or  superintendent  of  loco- 
motives, should  give  employment  to  persons  unless  they 
can  produce  along  with  certificates  of  good  behaviour,  evi- 
dence of  a  knowledge  of  these  and  other  elementary  prin- 
ciples of  their  profession. 

If  these  precautions  were  adopted,  and  greater  care 
observed  in  the  selection  of  men  of  skill  and  responsibility 
in  the  construction  of  boilers,  together  with  a  more  strict 
and  rigid  code  of  laws  for  the  management  of  the  engine, 
we  might  look  forward  with  greater  certainty  to  a  consi- 
derable diminution,  if  not  a  prevention,  of  those  calami- 
tous events  which  so  frequently  plunge  whole  families 
into  mourning  by  unexpected  and  instantaneous  death. 

As  an  individual  duty,  I  would  cheerfully  lend  my  best 
assistance  to  the  development  of  a  sound  principle  of  in- 
struction calculated  to  relieve  the  country  of  the  ignorance 
which  pervades  that  part  of  the  community  on  which  the 
lives  of  so  many  depend.  A  resolution  on  the  part  of 
those  who  employ  persons  of  this  description,  and  whose 
interests  are  so  much  at  stake,  to  employ  only  those 
persons  whose  knowledge  and  character  come  up  to  the 
requisite  standard,  and  to  pay  them  adequately,  would 
soon  produce,  from  the  economy  of  the  management  and 
the  increased  security  of  the  property,  the  most  satisfac- 
tory results.  How  often  do  we  find  implements  of 
danger,  and  vessels  containing  the  elements  of  destruction, 
in  the  hands  of  the  most  ignorant  and  reckless  practi- 
tioners, whose  insensibility  to  danger,  and  total  incom- 
petency  to  judge  of  .its  presence,  render  them  above  all 
others  the  most  unfit  to  be  employed !  And  why  ? 
Because  they  are  the  very  persons,  from  their  defective 
knowledge,  to  increase  the  danger  and  aggravate  the  evils 
they  were  selected,  to  prevent.  It  is  not  the  first  time 
that  engineers,  to  secure  (if  I  may  use  the  expression)  an 
insane  pressure,  have  fastened  the  safety-valves,  and 
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screwed  down  the  steam-valve,  closing  every  outlet, 
without  ever  thinking  of  the  fire  that  was  blazing  under 
tho  boiler.  Under  such  circumstances  what  could  be 
expected  but  a  "  blow-up  ?"  A  madman  rushing  with  a 
lighted  match  into  a  powder-magazine  could  not  act  with 
greater  insanity.  Such,  however,  has  been  the  case,  and 
this  has  resulted  from  want  of  thought,  or,  what  is  worse, 
from  the  total  absence  of  that  kind  of  knowledge  which 
the  employer  as  well  as  the  workman  should  always 
possess. 

I  have  on  former  occasions  stated  that  I  am  not  an 
advocate  for  legislative  interference  either  in  the  con- 
struction or  management  of  boilers ;  but  seeing  the  danger 
attending  on  the  use  of  these  vessels  when  placed  under 
the  control  of  ignorance  and  incapacity,  I  would  forego 
many  considerations  in  order  to  secure  the  services  of  a 
more  judicious  and  intelligent  class  of  men  than  has  hitherto 
been  employed  in  the  care  and  management  of  steam  and 
the  steam-engine.  The  reforms  necessary  to  be  intro- 
duced may  be  made  by  the  owners  of  steam-engines,  steam- 
boats, railways,  and  others  engaged  in  the  use  and  appli- 
cation of  this  important  element.  A  desire  to  enforce 
more  judicious  and  stringent  regulations,  to  remunerate 
talent,  and  to  employ  only  those  whose  good  conduct  and 
superior  knowledge  entitle  them  to  confidence,  is  the 
only  sure  guarantee  of  public  safety  and  the  prosperity  of 
the  employer. 

Lastly.  The  remedies  applicable  for  the  prevention  of 
accidents  arising  from  explosions. 

Having  noticed  in  the  foregoing  heads  most  of  the 
causes  tending  to  produce  boiler  explosions,  it  now  only 
remains  to  draw  such  inferences  as  will  enable  us  to 
point  out  the  circumstances  which  it  is  desirable  to  cul- 
tivate and  those  which  it  is  desirable  to  avoid.  These 
circumstances  I  have  endeavoured  to  class  in  such  a  way 
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as  to  bring  the  subject  prominently  forward,  and  to  point 
out  under  each  head,  first,  the  causes  which  lead  to  acci- 
dent ;  and,  secondly,  the  means  necessary  to  be  observed 
in  avoiding  it.  In  a  general  summary  it  may  not,  however, 
be  inexpedient  briefly  to  recapitulate  these  statements, 
in  order  to  impress  more  forcibly  upon  the  mind  of  those 
concerned  the  necessity  for  care  and  consideration  in  the 
use  of  steam,  one  of  the  most  powerful  agents  ever  yet 
employed,  or  ever  placed  at  the  disposal  of  mankind. 

One  of  the  most  scientific  nations  of  Europe  places  the 
greatest  confidence,  as  a  means  of  safety,  in  the  use  of  a 
fusible  metal  plate  on  the  top  of  the  boiler.  These  plates 
are  alloys  of  tin  and  lead,  with  a  small  portion  of  bismuth, 
in  such  proportions  as  will  ensure  fusion  at  a  temperature 
considerably  below  that  of  molten  lead.  In  France  the 
greatest  importance  is  attached  to  these  alloys,  and  in 
order  to  ensure  certainty  as  to  the  definite  proportions,  the 
plates  are  prepared  at  the  Royal,  now  the  Imperial  Mint, 
where  they  may  be  purchased  duly  prepared  for  use.  In 
this  country  these  alloys  are  not  generally  in  use  ;  but  in 
this  respect  I  think  we  are  wrong,  as  boiler  explosions 
are  not  so  frequent  in  France  as  in  this  country,  and 
high-pressure  steam,  from  its  superior  economy,  is  more 
extensively  used  in  France  than  in  England.  In  my  own 
practice  I  invariably  insert  a  fusion  plate,  or  a  lead  rivet 
one  inch  in  diameter,  immediately  over  the  fire-place,  and 
I  have  found  these  metallic  plugs  a  great  security  in 
the  event  of  a  scarcity  of  water  in  the  boiler.  I  am 
persuaded  many  dangerous  explosions  may  be  avoided 
by  the  use  of  this  simple  and  effective  precaution;  and 
as  pure  lead  melts  at  640°,  we  may  infer  from  this  cir- 
cumstance that  notice  will  be  given  and  relief  obtained 
before  the  internal  pressure  of  the  steam  exceeds  that 
of  the  resisting  powers  of  the  heated  plates.  As  this 
simple  precaution  is  so  easily  accomplished,  I  would  advise 
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its  general  adoption.  It  can  do  no  harm  to  the  boiler, 
and  may  be  the  means  of  averting  explosions  and  the 
destruction  of  many  valuable  lives. 

The  fusible  metal  plates,  as  used  in  France,  are  gene- 
rally covered  by  a  perforated  metallic  disc,  which  protects 
the  alloy  of  which  the  plate  is  composed,  and  allows  it  to 
ooze  through  as  soon  as  the  steam  has  attained  the  tem- 
perature necessary  to  ensure  the  fusion  of  the  plate.  The 
nature  of  the  alloy  is,  however,  somewhat  curious,  as  the 
different  equivalents  have  different  degrees  of  fluidity,  and 
the  portion  which  is  the  first  to  melt  is  found  out  by  the 
pressure  of  the  steam  causing  the  adhesion  of  the  less 
fusible  parts,  but  in  a  most  imperfect  state,  and  incapable 
of  resisting  the  internal  force  of  the  steam.  The  result  of 
these  compounds  is,  the  fusion  of  one  portion  of  the  alloy 
and  the  fracture  of  the  other,  which  is  generally  burst  by 
pressure. 

This  latter  description  of  fusible  plate  is  different  to  the 
lead  plug  over  the  fire,  which  is  fused  at  640°  by  the  heat 
of  the  furnace,  and  the  other,  by  the  temperature  of  the 
steam,  when  raised  to  the  fusible  point  of  the  alloy,  which 
varies  from  280°  to  350°. 

Another  method  is  the  bursting  plate,  fixed  in  a  frame 
and  attached  to  some  convenient  part  of  the  upper  side  of 
the  "boiler ;  this  plate  should  be  of  such  thickness  and  of 
such  ductility  as  to  cause  rupture  whenever  the  pressure 
greatly  exceeds  that  of  the  weight  on  the  safety  valve. 
There  can  be  no  doubt  that  such  an  apparatus,  if  made  with 
a  sufficiently  large  opening,  would  relieve  the  boiler ;  but 
the  objections  to  this  and  several  other  devices  are  the 
frequent  bursting  of  those  plates,  and  the  effect  which 
every  change  of  pressure  has  upon  the  material  in  reducing 
its  powers  of  resistance,  and  thus  increasing  the  uncer- 
tainty as  to  the  amount  of  pressure  in  the  boiler ;  besides, 
there  is  the  expense  and  loss  of  time  connected  with  the 
renewal  of  the  plates. 
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It  has  already  been  noticed  that  one  of  the  most  impor- 
tant securities  against  explosions  is  a  duly  proportioned 
boiler,  well  constructed;  and  to  this  must  be  added  ample 
means  for  the  escape  of  the  steam  on  every  occasion  when 
the  usual  channels  have  been  suddenly  stopped.  The 
only  legitimate  outlets  under  these  circumstances  appear 
to  me  to  be  the  safety-valves,  which,  connected  with  this 
inquiry,  are  indispensable  to  security.  Every  boiler  should 
therefore  have  two  safety-valves,  either  of  them  of  suffi- 
cient capacity  to  carry  off  the  quantity  of  steam  generated 
by  the  boiler.  One  of  ttyese  valves  should  be  of  the 
common  construction,  and  the  other  beyond  the  reach  of 
the  engineer  orany  other  person. 

Fig.  7,  is  a  sketch  of  the  lock-up  safety-valve  as  I  have 
been  accustomed  to  construct  it.  A  is  the  valve.  B  is  a  shell 

Fig.  7. 


of  thin  brass,  opening  on  a  hinge  and  secured  by  a  pad- 
lock ;  it  is  of  such  a  diameter  as  to  allow  the  waste  steam 
to  escape  in  the  direction  of  the  arrows.  C  is  the  weight, 
which  may  be  fixed  at  any  part  of  the  lever,  to  give  the 
desired  amount  of  pressure,  but  which  cannot  be  fixed  or 
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altered  unless  the  boiler  is  opened  to  allow  a  man  to  get 
inside.  D  is  a  handle,  having  a  long  slot,  by  which  the 
valve  may  be  relieved  or  tried  at  any  time,  to  obviate  the 
liability  of  its  corroding  or  being  jammed;  the  engineer 
Ciinnot,  however,  put  any  additional  weight  upon  the 
valve  by  this  handle,  and  hence  its  security. 

Whilst  tracing  the  causes  of  explosions  from  a  deficiency 
of  water  in  the  boiler,  I  have  recommended  as  the  usual 
precautions,  good  pumps,  self-acting  feeders,  water- cocks, 
glass  gauges,  floats,  alarms,  and  other  indicators  which 
mark  the  changes  and  variation  in  the  height  of  the  water. 
To  these  may  be  added  the  steam  whistle,  but,  above  all, 
the  constant  inspection  of  a  careful,  sober,  and  judicious 
engineer.  Above  all  other  means,  however  ingeniously 
devised,  this  is  the  most  essential  to  security,  for  on  that 
official  depends,  not  only  the  security  of  the  property  under 
his  charge,  but  also  the  interests  of  his  family,  and  the 
lives  of  all  those  within  the  immediate  influence  of  his 
operations.  One  of  the  most  important  considerations  in 
this  and  every  other  department  of  management  is  clean- 
liness and  the  careful  attention  of  a  good  engineer. 

Explosions  produced  from  collapse  of  the  external  shell 
on  the  condensation  of  the  steam,  have  their  origin  in  causes 
entirely  different  from  those  which  arise  from  a  deficiency 
of  water,  and  the  only  remedy  that  can  be  applied  is  the  va- 
cuum valve  and  the  cylindrical  or  spheroidal  form  of  boiler. 

Defective  construction  is  unquestionably  one  of  the 
greatest  sources  of  the  frightful  accidents  which  we  are 
so  frequently  called  upon  to  witness.  No  man  should  be 
allowed  unlimited  exercise  of  judgment  on  a  question 
of  such  vital  importance  as  the  construction  of  a  boiler, 
unless  he  is  duly  qualified  by  matured  experience  in  the 
theoretical  and  practical  knowledge  of  form,  strength  of 
materials,  and  other  requirements  requisite  to  ensure 
the  maximum  of  sound  construction.  It  appears  to  me 
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equally  important  that  we  should  have  the  same  proofs 
and  acknowledged  system  of  operations  in-  the  construc- 
tion of  boilers  that  we  have  in  the  strength  and  propor- 
tions of  ordnance.  In  both  cases  we  have  to  deal  with  a 
powerful  and  dangerous  element ;  and  I  have  yet  to  learn 
why  the  same  security  should  not  be  given  to  the  general 
public  as  we  find  so  liberally  extended  to  an  important 
branch  of  the  public  service.  In  the  ordnance  depart- 
ment at  Woolwich  (with  which  I  have  been  more  or  less 
connected  for  some  years)  the  utmost  care  and  precision 
are  observed  in  the  manufacture  of  guns ;  and  the  proofs 
are  so  carefully  made  under  the  superintendence  of  com- 
petent officers,  as  to  render  every  gun  perfectly  safe  to 
the  extent  of  1000  to  1200  rounds  of  shot. 

Boilers  and  artillery  are  equally  exposed  to  fracture, 
and  it  appears  to  me  of  little  moment  whether  the  one  is 
burst  by  the  discharge  of  gunpowder  or  the  other  by  the 
elastic  force  of  steam. 

Taking  into  consideration  all  the  circumstances  con- 
nected with  the  bursting  of  boilers  and  the  bursting  of 
guns,  and  looking  at  the  active  competition  which  exists, 
and  is  likely  to  be  extended,  in  manufactures,  railway 
traffic,  and  steam  navigation,  rendering  it  every  day  more 
desirable  to  reduce  the  cost  by  an  extended  use  of  steam 
at  a  much  higher  pressure,  it  surely  becomes  a  desidera- 
tum to  secure  the  public  safety  by  the  introduction  of 
some  generally  acknowledged  system  of  construction  that 
will  bear  the  test  of  experience,  and  involve  a  maximum 
power  of  resistance.  The  most  elaborate  disquisitions 
have  been  given,  by  the  most  distinguished  men  of  all 
ages,  since  the  invention  of  gunpowder,  to  discover  the 
strength  and  form  of  guns  of  every  description.  Surely 
boilers  are  equally  if  not  more  important,  as  the  sacrifice 
of  human  life  from  accident  appears  to  me  to  be  much 
greater  in  the  one  case  than  in  the  other.  It  would  be  a 
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matter  of  paramount  importance  to  the  public,  if  men 
o.mhining  the  greatest  practical  skill  with  the  highest 
scientific  attainments  would  direct  their  attention  to  the 
subject,  and  give  to  the  public  such  security  in  the  con- 
struction of  boilers,  as  to  ensure  them  capable  of  bearing, 
under  the  most  unfavourable  circumstances,  at  least  six 
film'*  their  working  pressure. 

On  the  question  of  explosions  arising  from  mismanage- 
ment and  ignorance,  I  have  little  further  to  add ;  but  I 
must  again  observe,  that  the  subject  of  security  from 
boiler  explosions  is  of  such  importance  as  to  call  for  more 
able  exponents  than  myself.  I  have  endeavoured  to  trace 
the  causes  of  these  lamentable  occurrences,  and  to  draw 
such  deductions  therefrom  as  I  trust  may  be  useful  in  at 
least  mitigating,  if  not  almost  entirely  averting,  dangerous 
results. 

In  conclusion,  I  have  endeavoured  to  show  that  the  pre- 
cautions necessary  to  be  observed  in  the  construction  and 
management  of  boilers  are  as  follows :  — 

1st.  To  avoid  explosions  from  internal  pressure,  cylin- 
drical boilers  of  maximum  form  and  strength  must  be 
used,  including  all  the  necessary  appendages  of  safety- 
valves,  &c. 

2nd.  Explosions  arising  from  deficiency  of  water  may 
be  prevented  by  the  fusible  alloys,  bursting-plates,  good 
feed-pumps,  water  gauges,  alarms,  and  other  marks  of 
indication ;  but,  above  all,  the  experienced  eye  and  careful 
attention  of  the  engineer  are  the  greatest  security. 

3rd.  Explosions  from  collapse  are  generally  produced 
from  imperfect  construction,  which  can  only  be  remedied 
by  adopting  the  cylindrical  form  of  flue,  proportioned  as 
indicated  in  the  last  lecture,  and  strengthened  by  rings  of 
strong  angle  or  T  iron,  at  different  distances  in  its  length. 

4th.  Explosions  from  defective  construction  admit  of 
only  one  simple  remedy,  and  that  is,  the  adoption  of  those 
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forms  which  embody  the  maximum  powers  of  resistance  to 
internal  pressure,  and  such  as  we  have  already  recom- 
mended for  general  use. 

Lastly.  Good  and  efficient  management,  a  respectable 
and  considerate  engineer,  and  the  introduction  of  such 
improvements,  precautions,  and  securities  as  we  have  been 
able  to  recommend,  will  not  only  ensure  confidence,  but 
create  a  better  system  of  management  in  all  the  require- 
ments necessary  to  be  observed  for  the  prevention  of 
steam-boiler  explosions. 

In  conclusion,  I  may  observe,  that  in  giving  evidence 
before  the  jury  in  the  case  of  the  Rochdale  explosions 
(Appendix  No.  IV.),  I  took  occasion  to  recommend  the 
formation  of  an  Association  for  the  exclusive  purpose  of 
watching  over  the  interests  of  the  proprietors  of  steam- 
boilers,  not  'only  with  respect  to  the  prevention  of  ex- 
plosions and  the  attainment  of  the  greater  security,  but 
also  with  respect  to  the  organization  of  a  better  system  of 
management  for  the  raising  of  steam  with  the  greatest  at- 
tainable economy.  Fortunately  for  the  public  security,  and 
probably  for  the  benefit  of  all  the  parties  concerned,  that 
recommendation  has  had  the  desired  effect,  and  an  Asso- 
ciation has  been  formed  of  the  manufacturers  in  the  Man- 
chester district,  with  the  unanimous  consent  of  the  great 
majority  of  mill-owners,  for  the  accomplishment  of  these 
objects. 

This  Association  was  instituted  at  a  meeting  of  the 
employers  of  steam-boilers  favourable  to  the  objects  pro- 
posed,.on  the  23rd  of  January  last,  1855.  It  is  under 
the  management  of  a  Committee  and  a  General  In- 
spector, and  its  primary  object  is  to  secure  the  greatest 
practical  safety  in  the  raising  and  use  of  steam,  by 
means  of  an  intelligent  supervision,  to  be  carried  on 
by  competent  and  well-instructed  inspectors,  employed 
by  the  Association;  but  in  addition  to  this  inspection 
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fur  the  purpose  of  safety,  the  rules  provide  for  a  per- 
missive supervision  of  furnaces,  and  for  a  record,  with 
tin-  consent  of  the  owners,  of  the  duty  performed  by  the 
steam-engines,  and  the  amount  of  the  fuel  consumed,  with 
u  view  to  securing  a  more  perfect  combustion  and  greater 
economy  in  fuel.  And  this  supervision  is  extended  to  the 
establishments  of  all  the  members  who  do  not  object  to 
this  branch  of  the  Association's  operations. 

The  principal  object  contemplated  by  the  formation  of 
this  Association  is,  however,  the  increased  security  against 
explosions,  which  a  periodical  inspection  by  an  experienced 
engineer  affords,  and  the  saving  of  fuel  which  may  be 
expected  from  the  inspection  of  an  intelligent  officer 
well  acquainted  with  the  principle  on  which  perfect  com- 
bustion depends,  and  with  the  most  successful  modes  of 
applying  those  principles  in  practice ;  to  which  may  be 
added,  the  removal  of  any  pretence  or  necessity  for 
Government  inspection. 

[The  two  following  papers  formed  the  substance  of  a 
Report  prepared  at  the  request  of  the  British  Association 
for  the  Advancement  of  Science.  It  was  read  at  the 
meeting  held  at  York  in  September,  1844,  and  published 
in  the  Transactions  for  that  year.  I  now  present  them 
in  the  form  of  Lectures,  including  some  improvements 
and  experiments  that  have  been  made  in  this  important 
and  difficult  question  since  their  first  publication.  This 
abstract  does  not  profess  to  be  an  enlarged  view  of  the 
subject,  but  it  embodies  many  useful  suggestions,  and 
will  enable  the  reader  to  form  an  opinion  as  to  what  has 
been  done,  and  what  may  yet  be  accomplished,  in  esta- 
blishing sound  principles  of  action  relative  to  the  economic 
value  of  our  mineral  fuel.] 
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LECTURE  IV. 

ON   STEAM. 

AT  the  request  of  a  large  and  useful  body  of  working 
engineers,  and  at  the  desire  of  several  Institutions  which 
have  for  their  object  the  improvement  and  instruction  of 
that  important  class,  I  have  been  induced  to  set  apart 
a  portion  of  my  time  for  the  study  of  a  subject  which 
involves  considerations  of  much  importance  to  the  great 
mass  of  the  community.  If  I  were  to  state  that  the 
subject  I  propose  to  treat  of  is  one  so  easily  mastered 
that  my  past  experience  rendered  my  task  an  easy  one,  I 
should  practise  a  deception  towards  you,  and  arrogate  to 
myself  a  degree  of  information  and  an  amount  of  research 
in  physical  science  which  I  do  not  possess.  On  the  con- 
trary, it  has  cost  me  much  time  and  labour  to  prepare  the 
statements  I  have  to  lay  before  you  ;  and  I  trust  that, 
should  these  fall  short  of  your  expectations,  you  will  kindly 
take  the  will  for  the  deed,  and  extend  to  me  that  patient 
consideration,  which  a  sense  of  my  own  deficiencies  and 
the  importance  of  the  subject  induce  me  to  ask. 

On  a  former  occasion  I  was  invited  by  the  Committee 
of  Management  of  the  Union  of  the  Yorkshire  Mechanics' 

O 

Institutes  at  Leeds  to  give  them  a  lecture  on  boiler 
explosions,  and  in  my  endeavours  to  comply  with  that 
request,  the  lecture  then  proposed  was  extended  to  two  : 
first,  on  boiler  construction ;  and  secondly,  on  the  causes 
of  boiler  explosions. 

Those    lectures  were  attentively  listened  to  by  large 
audiences,  and  the  Committee  did  me  the  honour  to  con- 
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eider  them  of  such  importance  as  to  have  them  printed  and 
piililMu-d  in  a  cheap  form  for  distribution  amongst  the 
members  of  the  institutions  and  the  public. 

In  the  consideration  and  preparation  of  those  lectures, 
I  found  the  subject  gain  upon  me  so  fast,  and  become  so 
exceedingly  interesting,  as  to  induce  a  strong  desire  for 
still  further  research ;  but  my  time  was  then  much  occu- 
I»u-d  with  other  professional  duties,  and  I  was  obliged  to 
abandon  the  attempt  until  a  more  fitting  opportunity. 

During  a  long  and  somewhat  laborious  professional  life, 
I  have,  however,  contrived,  as  a  relaxation  from  other 
duties,  to  devote  a  considerable  part  of  my  leisure,  and  no 
small  portion  of  the  hours  of  sleep,  to  scientific  inquiries ; 
and  finding  it  has  done  me  no  harm,  but  rather  quickened 
the  intellect,  by  enlarging  its  sphere  of  action,  I  have  the 
less  hesitation  in  recommending  this  practice  to  most  of 
you,  as  I  am  satisfied  you  will  find  it  productive  of  en- 
joyment as  well  as  benefit.  In  early  life  I  laboured,  like 
some  of  yourselves,  under  many  difficulties.  Their  causes 
I  could  not  control;  but  experience  has  convinced  me 
how  much  may  be  done  by  a  willing  mind ;  and  that 
indomitable  perseverance  and  a  never-tiring  enthusiasm 
in  your  pursuits  will  clear  away  all  obstacles,  and  lead, 
by  most  satisfactory  and  pleasant  paths,  to  reputation 
and  success.  In  framing  an  occupation,  or  determin- 
ing upon  a  study  for  the  employment  of  your  leisure 
time,  let  me  recommend  you  to  consider  well  first  what 
you  desire  to  attain.  Let  the  object  be  practical  and 
useful ;  bring  the  whole  power  of  your  mind  to  bear 
directly  upon  the  subject ;  work  hard,  and  let  not  your 
energy  be  thwarted  by  the  taunts  and  ridicule  which 
companions  and  fellow-labourers  will  oftentimes  attempt 
to  throw  upon  yourselves  and  your  pursuits.  Be  not 
dismayed  by  early  failure,  nor  turned  aside  by  the  tedium 
of  mastering  the  drudgery  of  rudimentary  study.  The 
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pleasures  and  delights  of  knowledge  come  only  with  a 
thorough  understanding  of  your  subject;  and  nothing  va- 
luable, least  of  all  the  treasure  of  a  gifted  mind,  is  to  be 
had  without  labour.  Nature  has  inculcated  this  principle 
for  the  moral  government  of  man ;  and  though  the  prize 
may  be  difficult  of  attainment,  it  never  fails  in  the  end  to 
reward  the  zealous  labours  of  the  inquiring  student. 

At  the  commencement  of  these  observations,  I  stated 
that  I  found  the  investigations  in  which  I  was  engaged 
for  the  Yorkshire  Mechanics'  Institutions  so  exceedingly 
interesting  as  to  render  further  extension  of  time  neces- 
sary for  their  extended  development.  That  article,  so 
valuable  to  an  inquiring  mind,  was  not,  however,  at  my 
disposal ;  and  I  have  therefore  oeen  compelled  to  post- 
pone the  inquiry  from  time  to  time  until  a  fitting  oppor- 
tunity should  arise  to  renew  it.  This  being  the  case, 
I  will  now  endeavour  to  lay  before  you  such  facts  as  I 
have  collected,  and  such  as,  I  trust,  may  prove  conducive 
to  the  extension  of  your  knowledge,  and  useful  in  the 
daily  practice  of  your  separate  calling?. 

It  is  well  known  to  every  lover  of  science  that  we  are 
indebted  to  James  Watt  for  many  of  the  comforts  and 
enjoyments  of  our  social  existence.  To  the  ingenious 
contrivances,  sound  judgment,  and  philosophical  research 
of  that  great  man,  we  owe  more  than  I  shall  attempt  to 
describe.  We  owe  to  him,  in  fact,  the  Steam-Engine! 
Now,  the  very  word  steam-engine  denotes  something 
more  than  a  machine.  It  comprehends  the  engine  in  its 
organic  construction  as  a  machine ;  and  it  also  compre- 
hends steam,  as  an  element  of  propulsion,  acting  upon  its 
organization,  and  something  to  hold  the  steam.  Upon 
steam  and  the  holder  of  steam  it  is  therefore  my  present 
purpose  to  discourse.  In  directing  your  attention  to  these 
two  points,  I  shall  endeavour  to  investigate  such  prin- 
ciples, and  to  lay  before  you  such  facts,  as,  I  trust,  may 
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prove  serviceable  in  the  uses  and  application  of  that  im- 
portant clement.  In  the  first  place,  then,  we  shall  confine 
our  observations  to  steam ;  and  in  the  second,  -to  the  boiler 
or  the  vessel  in  which  it  is  generated. 

Before  entering  upon  the  more  immediate  and  con- 
clusive portion  of  this  address,  it  may  be  interesting  to 
enumerate  some  of  the  most  obvious  and  characteristic 
properties  of  steam.  On  this  subject  I  cannot  do  better 
than  quote  the  language  employed  by  Dr.  llobison,  the 
friend  and  biographer  of  "Watt,  in  his  Treatise  on  Steam 
and  the  Steam-Engine.  In  this  treatise  the  learned 
Doctor  observes,  that  "  steam  is  the  name  given  in  our 
language  to  the  visible  moist  vapour  which  arises  from  all 
bodies  which  contain  juices  easily  expelled  from  them  by 
boats  not  sufficient  for  their  combination.  Thus  we  say, 
the  steam  of  boiling  water,  of  malt,  of  a  tan-bed,  &c.  It 
is  distinguished  from  smoke  by  its  not  having  been  pro- 
duced by  combustion,  by  not  containing  any  soot,  and  by 
its  being  condensable  by  cold  into  water,  oil,  inflammable 
spirits,  or  liquids  composed  of  these. 

"  We  see  it  rise  in  great  abundance  from  bodies  when 
they  are  heated,  forming  a  white  cloud,  which  diffuses 
itself  and  disappears  at  no  great  distance  from  the  body 
from  which  it  is  produced.  In  this  case,  the  surrounding 
air  is  found 'loaded  with  the  water  or  moisture  which 
seems  to  have  produced  it,  and  the  steam  seems  to  be 
completely  soluble  in  air,  as  salt  is  in  water,  composing, 
while  thus  united,  a  transparent  elastic  fluid. 

"  But  in  order  to  its  appearance  in  the  form  of  an 
opaque  white  cloud,  the  mixture  with,  or  dissemination  in, 
air,  or  some  elastic  fluid  colder  than  itself,  seems  absolutely 
necessary.  If  a  tea-kettle  boils  violently,  so  that  the 
strain  is  formed  at  the  spout  in  great  abundance,  it  may 
be  observed  that  the  visible  cloud  is  not  formed  at  the 
mouth  of  the  spout,  but  at  a  small  distance  before  it,  and 
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the  vapour  is  perfectly  transparent  at  its  first  emission. 
.This  is  rendered  still  more  evident  by  fitting  to  the  spout 
of  a  tea-kettle  a  glass  pipe  of  any  length,  and  of  as  large 
a  diameter  as  we  please.  The  steam  is  produced  as  co- 
piously as  without  this  pipe,  but  the  vapour  is  transparent 
through  the  whole  length  of  the  pipe.  Nay,  if  this  pipe 
communicate  with  a  glass  vessel  terminating  in  another 
pipe,  and  if  the  vessel  be  kept  sufficiently  hot,  the  steam 
will  be  abundantly  produced  at  the  mouth  of  the  second 
pipe  as  before,  and  the  vessel  will  be  quite  transparent. 
The  visibility  therefore  of  the  matter  which  constitutes 
the  steam  is  an  accidental  or  extraneous  circumstance, 
and  requires  the  admixture  with  air;  yet  this  quality 
again  leaves  it  when  united  with  air  by  solution.  It  ap- 
pears therefore  to  require  a  dissemination  in  the  air.  The 
appearances  are  quite  agreeable  to  this  notion;  for  we 
know  that  one  perfectly  transparent  body,  when  minutely 
divided  and  diffused  among  the  parts  of  another  trans- 
parent body,  but  not  dissolved  in  it,  makes  a  mass  which 
is  visible.  Thus,  oil  beaten  up  with  water  makes  a  white 
opaque  mass. 

"  In  the  meantime,  as  steam  is  produced,  the  water 
gradually  wastes  in  the  tea-kettle,  and  will  soon  be  totally 
expended  if  we  continue  it  on  the  fire.  It  is  reasonable 
therefore  to  suppose  that  this  steam  is  nothing  but  water, 
changed  by  heat  into  an  aerial  or  elastic  form.  If  so,  \ve 
should  expect  that  the  privation  of  this  heat  would  leave 
it  in  the  form  of  water  again.  Accordingly,  this  is  fully 
verified  by  experiment;  for  if  the  pipe  fitted  to  the  spout 
of  the  tea-kettle  be  surrounded  with  cold  water,  no  steam 
will  issue,  but  water  will  continually  trickle  from  it  in 
drops;  and,  if  the  process  be  conducted  with  the  proper 
pi\  cautions,  the  water  which  we  thus  obtain  from  the  pipe 
will  be  found  equal  in  quantity  to  that  which  disapp 
from  the  tea-kettle. 
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"  This  is  evidently  the  common  process  of  distilling ; 
ami  the  whole  appearance  may  be  explained  by  saying 
that  the  water  is  converted  by  heat  into  an  elastic  vapour, 
and  that  this,  meeting  with  colder  air,  imparts  to  it  the 
heat  which  it  carried  off  as  it  arose  from  the  heated  water, 
and,  being  deprived  of  its  heat,  it  is  again  water. 

"  The  particles  of  this  water,  being  vastly  more  remote 
from  each  other  than  when  they  were  in  the  tea-kettle, 
and  thus  being  disseminated  in  the  air,  become  visible  by 
reflecting  light  from  their  anterior  and  posterior  surfaces, 
in  the  same  manner  as  a  transparent  salt  becomes  visible 
when  reduced  to  a  fine  powder.  Thus  disseminated 
water,  being  presented  to  the  air  in  a  very  extended  sur- 
face, is  quickly  dissolved  by  it,  as  pounded  salt  is  in 
water,  and  again  becomes  a  transparent  fluid." 

It  is  in  this  way  that  Dr.  Robison  explains  the  nature 
and  properties  of  steam ;  and  although  a  great  number  of 
the  most  distinguished  philosophers  of  the  last  century 
uuve  the  subject  careful  consideration,  it  was  nevertheless 
reserved  for  Dr.  Black,  in  his  "  Theory  of  Latent  Heat," 
to  explain  the  phaenomena,  and  to  give  the  subject  that 
minute  attention,  which  the  growing  interests  of  the 
steam-engine  and  other  discoveries  in  chemical  science 
required. 

In  the  consideration  of  steam  generated  from  water  at 
one  pressure,  as  compared  with  steam  generated  for  similar 
purposes  at  another  pressure,  it  will  be  necessary,  for  the 
sake  of  illustration,  and  the  more  readily  to  distinguish 
the  difference  which  exists  between  them,  to  trace  water 
in  its  different  stages  or  degrees  of  temperature  corre- 
sponding with  the  varied  conditions  of  passing  from  the 
solid  to  the  liquid,  and  from  the  liquid  to  the  vaporous 
state.  These  conditions  have  been  carefully  investigated 
by  different  authors ;  but,  in  order  to  render  the  subject 
as  explicit  and  practical  as  possible,  it  will  be  necessary  to 
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inquire,  first,  into  the  condition  of  water  as  it  exists  in  its 
three  separate  forms  of  solidity,  fluidity,  and  vapour ;  and 
secondly,  as  to  the  ratio  of  the  temperature,  density,  and 
elasticity  of  steam  when  in  contact  with  the  water  which 
produces  it. 

In  this  division  of  the  subject  we  have  therefore  to 
consider,  — 

1.  The  condition  of  water  as  it  exists  in  its  three  separate 
forms  of  solid,  fluid,  and  vapour*  Water  in  the  condi- 
tion of  ice  is  a  solid,  transparent,  and  brittle  substance, 
and  may  easily  be  produced  by  reducing  the  temperature 
to  32°  Fahr.  In  this  state  it  is  lighter  than  the  liquid 
water  (I  believe  Galileo  was  the  first  to  discover  this  fact), 
and  hence  it  happens  that  it  floats  upon  water,  its  specific 
gravity  being  to  that  of  water  as  8  I  9.  The  rarefaction 
of  ice  is  supposed  by  some  to  be  owing  to  air-bubbles 
which  are  formed  in  the  water  at  the  instant  of  freezing, 
and  being  thus  considerably  larger  than  the  quantity  of 
water  frozen,  it  is  specifically  lighter. 

Others,  again,  such  as  M.  Mairan,  attribute  the  increase 
of  its  bulk  to  a  different  cause ;  according  to  that  author,  it 
arises  from  a  different  arrrangement  of  the  molecules  of  the 
water  from  which  it  is  formed;  which  in  the  act  of  freezing 
resolve  themselves  into  crystals  or  filaments  regularly  joined 
at  angles  of  60°,  and  which  angular  disposition  causes  a 
greater  increase  of  volume  than  if  they  were  parallel.  He 
found  by  experiment,  the  augmentation  of  a  volume  of 
water  by  freezing,  in  different  trials,  to  be  -^th,  -iVtn>  an(l 
•jJgth  part  of  that  volume ;  and  when  the  water  was  pre- 
viously purged  of  air,  only  ^nd  part.  This  is  the  con- 
dition of  water  in  the  solid  state;  and  it  is  curious  to 


*  It  will  be  observed  that  water  in  the  solid  state  has  considerable 
cohesion  ;  in  the  liquid  form  this  cohesion  is  greatly  diminished,  and  it  is 
entirely  destroyed  when  the  water  is  in  the  form  of  vapour. 
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observe  with  what  regularity  and  certainty  this  new  con- 
dition is  produced  when  its  temperature  is  reduced  below 
32°.  Elevate  the  temperature  above  that  point,  and  you 
have  the  phenomenon  of  fluidity  accompanied  with  all  its 
attendant  forms  and  conditions  of  emergence  from  its  im- 
prisoned state.  These  phenomena  have  been  beautifully 
illustrated  by  Dr.  Black  in  his  "  Theory  of  Latent  Pleat." 
That  distinguished  philosopher  discovered  that  it  was  not 
sufficient  for  converting  ice  into  water,  that  it  be  raised  to  a 
temperature  in  which  it  can  no  longer  retain  that  form,  as 
a  piece  of  ice  of  the  temperature  of  32°  will  remain  a  very 
long  time  in  air  at  50°  before  it  melts,  remaining  all  the 
time  at  32°,  and  therefore  continually  absorbing  heat  from 
the  surrounding  air  until  it  is  all  melted.  By  comparing 
the  time  at  which  the  ice  had  its  temperature  changed  from 
20°  to  32°  with  the  time  required  to  melt  it,  he  found  it 
absorbed  130  to  140  times  as  much  heat  in  melting  as 
would  have  raised  its  temperature  one  degree ;  and  he 
found  that  one  pound  of  ice,  when  mixed  with  one  pound 
of  water  140°  warmer,  was  just  melted,  but  without  rising 
in  its  temperature  above  32°.  Hence  he  justly  concluded, 
that  water  differed  from  ice  of  the  same  temperature  by 
containing  as  a  constituent  a  greater  quantity  of  heat 
united  in  such  a  way  as  not  to  quit  it  for  another  colder 
body,  and  therefore  so  as  not  to  affect  the  mercury  of  the 
thermometer  and  expand  it.  This  condition  of  the  heat, 
considered  as  the  cause  of  a  change  of  molecular  condition, 
was  investigated  by  Dr.  Black,  under  the  expression  of 
latent  heat. 

If  more  heat  is  added  to  the  water,  it  is  no  longer  latent 
heat,  but  becomes  sensible  in  its  effects,  by  raising  the 
thermometer,  showing  the  degrees  of  redundant  heat, 
while  fluidity  alone  is  the  indication  of  the  combined  and 
latent  heat. 

Thus  we  have  water  in  two  distinct  forms,  the  solid  and 
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the  fluid :  in  these  perfectly  separate  conditions  we  have 
the  phenomena  of  heat  exercising  the  same  influence  on 
water  as  it  does  on  all  other  bodies  in  nature,  and  which 
never  faiis  to  produce  the  desired  effect  in  change  of  form 
and  other  conditions,  so  clearly  exemplified  in  the  organi- 
sation of  everything  which  exists. 

Let  us  now  consider  the  phenomena  which  are  pre- 
sented to  us  when  water  passes  into  the  state  of  vapour. 

Water  in  a  state  of  ebullition. — The  conversion  of  ice 
into  water  brings  us  to  that  part  of  our  subject  in  which 
we  may  continue  to  impart  heat  to  the  liquefied  mass,  such 
as  we  see  in  a  boiler  or  kettle,  until  it  reaches  the  tem- 
perature of  2 1 2°,  when  it  boils.  The  phenomena  of  ebul- 
lition or  boiling  are  curious,  as  well  as  interesting  and 
instructive,  and  it  is  necessary  we  should  all  become 
acquainted  with  them  before  we  can  attain  a  correct 
knowledge  of  the  nature  and  properties  of  steam.  If  we 
take  a  vessel  filled  with  water,  and  apply  heat  to  its  bot- 
tom and  sides,  we  then  have  sensible  indications  by  the 
thermometer  of  the  rise  of  temperature  in  the  fluid :  con- 
tinue the  application  of  heat,  and  the  particles  of  water 
in  contact  with  the  bottom  and  sides,  expanding,  form 
themselves  into  globules,  which,  being  of  greatly  reduced 
specific  gravity,  gradually  ascend,  until  the  colder  stra- 
tum of  water  on  the  upper  surface  of  the  vessel  robs  them 
of  their  heat,  and  thus  destroys  that  buoyancy  which  was 
necessary  for  their  ascent.  This  may  be  seen  by  holding 
water  in  a  Florence  flask  over  a  lamp,  when  it  will  be 
observed,  some  time  before  ebullition  takes  place,  that  the 
globules  or  bubbles  are  formed  at  the  bottom,  and  that 
they  rise  but  a  short  distance  in  the  fluid  before  they  dis- 
appear. The  distances  which  they  reach  before  they  col- 
lapse or  disappear  depend  upon  the  temperature  of  the 
fluid,  but  they  continue  to  rise  higher  and  higher  until 
the  temperature  reaches  212°,  when  the  commotion  of  the 
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water  becomes  general,  and  boiling  ensues.*  In  this  state 
of  the  heated  fluid,  it  must  be  borne  in  mind  that  water 
will  not  boil  unless  the  heat  is  applied  to  the  bottom  or 
sides  of  the  vessel.  If  the  heat  be  applied  to  the  t<>p  of 
the  vessel,  the  water  will  evaporate  and  waste  away  with- 


*  The  conversion  of  water  into  steam  is  thus  described  by  Dr.  Robison, 
in  his  "  Mechanical  Philosophy."  In  speaking  of  boiling  water  and  steam, 
he  says,  that  "  this  conversion  of  liquids  (into  vapour) — for  it  is  not  confined 
to  water,  but  obtains  also  in  ardent  spirits,  oils,  mercury,  &c. — is  the  cause 
of  boiling.  The  heat  is  applied  to  the  bottom  and  sides  of  the  vessel,  and 
gradually  accumulates  in  the  fluid,  in  a  sensible  state,  nncombined,  and 
ready  to  quit  it  and  enter  into  any  body  that  is  colder,  and  to  diffuse  itself 
between  them.  Thus  it  enters  into  the  fluid  of  the  thermometer,  expands 
it,  and  thus  gives  us  the  indication  of  the  degree  in  which  it  has  been 
accumulated  in  the  water;  for  the  thermometer  swells  as  long  as  it  con- 
timies  to  absorb  sensible  heat  from  the  water:  and  when  the. sensible  heat 
in  both  is  in  equilibrio,  in  a  proportion  depending  upon  the  nature  of  the 
two  fluids,  the  thermometer  rises  no  more,  because  it  absorbs  no  more  heat 
or  fire  from  the  water  ;  for  the  particles  of  water  which  are  in  immediate 
contact  with  the  bottom  are  now  (by  this  gradual  expansion  of  liquidity) 
at  such  a  distance  from  each  other,  that  their  laws  of  attraction  for  each 
o.her  and  for  heat  are  totally  changed.  Each  particle  either  no  longer 
attracts,  or  perhaps  it  repels  its  adjoining  particle,  and  now  accumulates 
round  itself  a  great  number  of  the  particles  of  heat,  and  forms  a  particle  of 
elastic  fluid,  so  related  to  the  adjoining  new-formed  particles  as  to  repel 
them  to  a  distance  about  twelve  and  a  half  times  greater  than  their  distance 
in  the  state  of  water.  Thus  a  mass  of  elastic  vapour  of  sensible  magnitude 
is  formed.  Being  about  two  thousand  times  lighter  than  an  equal  bulk  of 
water,  it  must  rise  up  through  it,  as  a  cork  would  do,  in  the  form  of  a 
transparent  ball  or  bubble,  and  getting  to  the  top  it  dissipates,  filling  the 
upper  part  of  the  vessel  with  vapour  or  steam. 

"  Thus  by  tossing  the  liquid  into  bubbles,  which  are  produced  all  over 
the  bottom  or  sides  of  the  vessel,  it  produces  the  phenomena  of  ebullition 
or  boiling.  Observe,  that  during  its  passage  up  through  the  water  it  is 
not  changed  or  condensed  ;  for  the  surrounding  water  is  already  so  hot 
that  the  sensible  or  uncombincd  heat  in  it  is  in  equilibrio  with  that  in  the 
vapour,  and  therefore  it  is  not  disposed  to  absorb  any  of  that  heat  which 
is  combined  as  an  ingredient  of  this  vapour,  and  gives  it  its  elasticity. 
For  this  reason  it  happens  that  water  will  not  boil  till  its  whole  mass  be 
heated  up  to  212°  ;  for  if  the  upper  part  be  colder,  it  robs  the  rising  bubble 
of  that  heat  which  is  necessary  for  its  elasticity,  so  that  it  immediately 
collapses  again,  and  the  surface  of  the  water  remains  still" 
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out  boiling,  and  hence  follows  the  necessity  of  applying 
our  furnaces  and  heat  at  the  right  part  of  the  boiler,  which 
is  evidently  at  the  bottom.  Heat,  from  its  want  of  ponde~ 
rosity,  is  highly  elastic,  and  when  enclosed  in  films  of 
water  in  the  form  of  globules,  its  specific  gravity  is  many 
thousand  times  less  than  that  of  water.  The  particles  of 
heat  to  a  certain  extent  radiate  from  a  fire  in  every  direc- 
tion, but  it  will  be  found  that  in  open  space  the  tendency 
is  upwards,  and  that,  more  particularly,  when  imparted 
to  water,  when  the  globules  are  produced  all  over  the 
bottom,  and  make  their  ascents  vertically,  as  already 
described. 

We  may  further  observe,  that  water  boils  at  different 
temperatures,  according  as  the  atmosphere  is  heavy  or 
light.  When  the  barometer  is  low,  the  fluid  will  boil  at 
a  lower  temperature,  as  water  at  30  inches  of  the  barome- 
ter boils  at  212°;  at  28  inches  it  boils  at  208.J  ;  and  upon 
the  plains  of  Quito,  where  the  air  is  attenuated  and  the 
barometer  stands  at  21  inches,  water  boils  at  195°,  making 
a  difference  of  17°.  These  are  points  to  which  I  would 
recommend  careful  attention,  as  the  temperature  at  which 
water  boils  has  a  certain  relation  to  the  pressure  of  the 
vapour  which  is  formed,  as  we  shall  now  more  fully  explain. 

Water  in  a  state  of  vapour. — Having  attained  the  boil- 
ing-point, we  now  arrive  at  the 'third  state  of  water,  viz. 
in  the  shape  of  vapour  or  steam.  This  is  a  subject  which 
we  shall  have  to  consider  more  minutely,  and  I  shall  there- 
fore endeavour  to  make  you  thoroughly  acquainted  with 
all  the  properties  of  steam,  particularly  those  relating  to 
tension,  density,  elasticity,  &c.  We  shall  have  the  more 
occasion  for  this  information,  as  it  relate*  to  our  daily 
practice,  and  all  those  requirements  that  govern  the 
application  of  steam,  not  only  as  an  agent  of  immense 
force  and  power,  but  in  all  its  varied  appliances  to  the 
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ul  arts.  On  this  part  of  the  subject  I  shall  have  to 
entrench  upon  your  patience,  and  in  doing  so,  I  have  to 
invite  your  earnest  and  careful  attention. 

Dr.  Ure,  in  his  "  Dictionary  of  Arts,  Manufactures,  and 
Mines,"  under  the  article  Evaporation,  observes,  "  that  it 
is  a  process  by  which  any  substance  is  converted  into  and 
carried  off-  in  vapour ;  further,  that  the  vapour  of  water 
is  an  elastic  fluid,  whose  tension  and  density  depend  upon 
tin-  temperature  of  water  with  which  it  is  in  contact;  that 
the  vapour  rising  from  water,  heated  to  165°  Fahr.,  pos- 
sesses an  elastic  force  capable  of  supporting  a  column  of 
mercury  10  8  inches  high,  and  its  density  is  such  that  80 
cubic  feet  of  such  vapour  contains  one  pound  of  water, 
whereas  32£  cubic  feet  of  steam,  of  the  density  corre- 
sponding to  a  temperature  of  212°,  and  a  pressure  of  30 
inches  of  mercury,  weigh  one  pound.  From  this  we  may 
calculate,  when  the  temperature  of  the  water  is  given,  the 
elasticity  and  specific  gravity  of  the  vapour." 

In  our  attempts  to  vaporise  water,  or  what  is  technically 
called  raising  steam,  we  must  observe  that  there  is  a 
wide  difference  between  steam  generated  in  an  open 
vessel  and  steam  generated  in  a  close  one.  In  the  first 
c;i~e,  the  temperature  never  exceeds  212°  at  the  ordinary 
pressure  of  the  air ;  whereas,  in  the  latter  case,  the  tem- 
perature as  well  as  the  density  and  elasticity  may  bd 
carried  to  any  extent  consistent  with  the  safety  or 
strength  of  the  vessel  in  which  it  is  generated.  This  is 
one  of  the  conditions  which  should  never  be  lost  sight 
of,  as  the  security  of  life  and  property  not  unfrequently 
depends  upon  the  extent  and  proper  use  of  our  know- 
ledge relative  to  these  properties  of  steam.  It  would 
appear  absurd  to  every  thinking  person,  if  I  were  to 
attempt  to  supply  data  for  the  construction  of  vessels 
calculated  to  bottle  up  and  retain  vaporous  matter  of 
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highly  elastic  force,  unless  I  first  made  myself  acquainted 
with  the  nature  of  the  material  and  the  agencies  I  had 
to  deal  with ;  and  hence  follow  the  reasons  for  occupying 
your  time  in  endeavouring  to  impart  to  you  such  know- 
ledge as  I  have  collected  from  study  and  long  experience, 
and  which  I  cheerfully  tender  for  your  guidance,  as  it  has 
served  for  my  own  in  what  I  may  venture  to  -  consider  a 
moderately  successful  practice. 

On  the  ratio  of  the  temperature,  density,  and  elasticity  of 
steam,  when  in  contact  with  the  water  that  produces  it. — 
The  vapours  exhaled  from  a  liquid  at  any  temperature 
contain,  according  to  Dr.  Ure,  "  more  heat  than  the  fluid 
from  which  they  spring,  and  they  cease  to  form  whenever 
the  supply  of  heat  into  the  liquid  is  stopped."  This  is 
perfectly  true ;  but  continue  to  apply  the  heat,  and  also 
the  supply  of  water — as  we  find  it  necessary  to  do  in  a 
furnace  and  boiler — and  we  continue  the  process  of 
evaporation  with  all  its  accompaniments  of  vaporisation, 
firing,  feeding,  &c.,  as  exhibited  in  our  general  practice 
of  raising  steam.  In  conducting  with  uniformity  this 
process,  let  us  suppose  that  the  temperature  of  the  fur- 
nace and  the  steam,  or  the  evaporated  part  of  the  w.; 
contained  in  the  boiler,  are  so.  adjusted  as  to  be  exactly 
in  accordance  with  the  density  and  quality  of  the  steam 
produced.  AVc  shall  then  have  throughout  the  whole 
process  the  required  equivalents  of  quantities  as  regards 
temperature,  density,  and  elasticity. 

AVhiMi  strain  is  confined  in  the  boiler  of  a  steam-engine 

O 

fully  supplied  with  water,  the  heat  applied  to  the  boiler 
raises  fresh  portions  of  vapour,  which  increases  the  den- 
sity and  elasticity  of  the  steam  already  formed,  so  that 
the  increase  of  temperature  given  to  the  steam  is  not 
only  attended  with  an  increase  of  pressure,  but  also  with 
an  increase  of  density:  experimental  tables  have  been 
constructed  by  Arago  and  Dulong,  giving  the  relation 
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of  the  elasticity,  temperature,  and  density  of  this  steam.* 
The  steam  that  is  thus  raised,  in  contact  with  its  water, 
is  said  to  be  in  a  state  of  saturation,  or  to  be  saturated 
with  watery  vapour,  and  then  the  steam  has  the  greatest 
density  it  can  attain  under  the  given  temperature  ;  but  if 
tliis  steam  be  separated  from  the  water  from  which  it  has 
been  formed  and  additional  heat  applied,  the  relations  of 
temperature  and  density  of  saturated  steam  no  longer 
exist,  for  whilst  the  temperature  of  the  steam  is  increased, 
its  density  is  no  longer  increased  for  want  of  fresh  supplies 
of  watery  vapour ;  the  steam  in  this  state  is  said  to  be 
anhydrous,  that  is,  in  a  dry  state,  and  the  relations  of 
temperature  and  pressure,  when  the  steam  is  allowed  to 
expand,  follow  a  law  which  has  not  been  as  yet  exactly 
determined  by  experiment  It  is  important  to  observe, 
that  the  great  increase  of  the  elasticity  or  pressure  of 
steam  in  a  state  of  saturation,  as  the  temperature  is 
increased,  results  not  merely  from  the  expansive  force  of 
the  steam  already  formed,  but  also  from  the  continual 
addition  of  new  portions  of  steam  for  every  addition  of 
temperature ;  the  additions  of  heat  are  not  expended  in 
simply  tending  to  expand  the  steam,  but  also  in  adding 
fresh  portions  of  steam  to  that  which  is  already  formed, 


*  The  relation  of  volume  and  temperature  of  saturated  steam  had  not, 
when  this  was  written,  been  determined  by  direct  experiment.  In  the  table 
referred  to  the  volume  of  the  steam  is  calculated  on  the  assumption  of  the 
laws  of  gaseous  density,  that  is  to  say,  on  the  assumption  that  the  gaseous 
laws  of  Mariotte  and  Gay-Lussac  apply  to  steam  in  a  state  of  saturation. 
The  calculations  of  Rankine  and  Thomson,  based  upon  Carnot's  theory 
and  the  mechanical  equivalent  of  heat  discovered  by  Joule,  show  that  for 
temperatures  not  exceeding  212°  the  gaseous  laws  apply  with  considerable 
exactness,  bat  that  for  higher  temperatures  there  is  a  decided  deviation. 
During  the  past  year  I  have  been  accumulating  some  experimental  results 
on  this  subject,  by  a  method  which  I  believe  is  quite  original,  and  which 
confirm  Mr.  Kankine's  formula.  These  experiments  show  that  for  tem- 
peratures above  212°  the  densities  of  steam  are  greater  than  was  anticipated 
from  the  gaseous  laws. 
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and  thereby  increasing  its  density  as  well  as  its  elas- 
ticity. 

I  would  earnestly  call  your  attention  to  these  facts, 
for  many  of  the  most  serious  boiler  explosions  have  arisen 
from  a  want  of  a  proper  appreciation  of  them.  For 
further  information  on  this  subject,  see  the  "  Researches 
into  Causes  of  the  Explosion  of  a  Locomotive  Engine  at 
Longsight,"  Appendix  No.  II.,  in  which  will  be  found 
a  series  of  experiments  bearing  directly  on  the  generative 
powers  of  the  steam-boiler. 

It  has  been  assumed,  by  different  experimentalists,  that 
the  following  gaseous  laws  hold  true,  or  at  least  nearly 
true,  in  relation  to  steam : — 

1.  The  pressure  of  steam  is  inversely  as  its  volume 
when  the  temperature  remains  the  same.     This  is  known 
by  the  name  of  Mariotte's  or  Boyle's  law. 

Thus  let  V  represent  the  volume  of  a  given  weight  of 
steam,  P  its  elastic  pressure ;  and  let  Vl  represent  the 
volume  of  the  same  weight  of  steam  at  the  pressure  P, ; 
then  supposing  the  temperature  of  the  steam  to  be  the 
same  in  both  cases,  we  have 

P     V, 

P;=T 

According  to  this  law,  if  a  given  weight  of  an  elastic 
fluid  be  compressed  to  half  its  primitive  volume,  without 
changing  ita  temperature,  the  elastic  force  of  that  fluid 
will  become  double. 

2.  All  elastic  fluids,  under  the  same  pressure,  expand 
uniformly  for  equal  increments  of  temperature. 

The  expansion  of  a  given  volume  of  an  elastic  fluid  at 
32°  is  -4  vTjth  part  of  this  volume  for  every  degree  of  tem- 
perature. This  law  was  discovered  by  Gay-Lussac  and 
Dalton. 

If  V  and  t  be  put  for  the  volume  and  temperature  of  a 
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given  weight  of  an  elastic  fluid,  and  V,  the  volume  of 
the  same  weight  of  fluid  when  the  temperature  is  tv  the 
pressure  remaining  the  same  ;  then  it  follows  from  this 
law,  that 

Y-     458  +  *  ,«N 

¥,-458  +  *! 

Moreover,  if  P  be  put  for  the  pressure  at  the  volume 
V,  and  Pp  the  pressure  at  the  temperature  tl9  supposing 
the  volume  of  the  fluid  to  remain  unchanged,  then 


(3) 


"When  the  volume  as  well  as  the  temperature  of  the 
elastic  fluid  is  changed,  we  find,  from  a  combination  of 
the  two  gaseous  laws,  the  following  relation  : 

YxP      458+*. 


In  the  case  of  steam,  if  tl  =  212°,  Pj  =  15,  and 
V,  =  1670,  which  is  the  volume  of  steam  raised  from  a 
unit  of  water  at  this  temperature  and  pressure,  then  this 
expression  becomes 

1670x15     458  +  * 

670          IF" 

which  gives  the  volume  of  steam  at  P  pressure,  and  t 
temperature  raised  from  a  unit  of  water.  The  tables 
giving  the  temperature,  pressure,  and  volume  of  steam 
are  calculated  by  this  formula.  For  example,  if  t  =  330°, 
and  P  =  100  Ibs.  as  determined  by  experiment,  then 

1670x15     458  +  330 


which  is  the  volume  of  a  unit  of  water  in  the  form  of 

ii  2 
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saturated  steam  at  330°  temperature,  and  100  Ibs.  pres- 
sure per  square  inch.* 

*  The  valuable  experiments  of  Regnault  show  that  the  laws  of  Mariotte 
and  Gay-Lussac  are  very  nearly  strictly  true  as  applied  to  permanently 
elastic  fluids.  The  deviations  from  the  law  of  Mariotte  arc  so  small  that 
they  may  almost  be  taken  as  errors  resulting  from  observation.  Accord- 
ing to  Regnault's  experiments,  the  coefficient  of  expansion  of  air  for  every 

degree  Cent,  above  the  freezing-point  of  water  is '003665,  or  '002036  =— 

nearly,  for  every  degree  Fahr.     This  coefficient  has  been  deduced  from 
the  change  of  elastic  force  which  the  same  volume  of  gas  undergoes  when 


its  temperature  changes  1°.    But  the  number  '003667,  or  -002037  = 


1 

490-8 


nearly,  should  be  adopted  when  the  gas  is  allowed  to  expand  freely  under 
the  same  pressure.  Regnault  further  determined  that  the  coefficient  of 
expansion  varies  with  the  density  of  the  gas  :  his  results  are  given  in  the 
following  Table:  — 

Table  of  Dilatation  of  Air  at  different  Densities. 


Density  of  the  Air  at  0°  Cent, 
the  mean  Density  or  the 
Atmoiphere  being  Unity. 

Coefficient  of  Expansion  for 
every  degree  Cent. 

P- 

e. 

0-1444 

•0036482 

0*2294 

•0036513 

0-3501 

•0036542 

0-4930 

•0036587 

1-0000 

•0036650 

2-2084 

•0036760 

2-2270 

•0036800 

2-8213 

•0036894 

4-8100 

•0037091 

If  6  be  put  for  the  coefficient  of  dilatation  at  p  density,  then  the  following 
formula  will  give  an  approximate  expression  for  the  values  contained  in 
this  table :  — 

0--003665  + -000018  (p-l)--00000180»- 1)2    .         .        .  (1) 

If  V  and  t  be  put  for  the  volume  and  temperature  of  a  given  weight  of 
air  at  p  pressure,  having  the  corresponding  coefficient  of  expansion  0,  and 
V,  the  volume  of  the  same  weight  of  fluid  when  the  temperature  is  <„  the 
pressure  remaining  the  same  ;  then  it  follows  from  this  law  that 
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On  the  total  quantity  of  heat  in  steam  at  different  tem- 
peratures. —  According  to  the  experiments  of  Kegnault, 


(2) 


Similarly,  we  have  for  the  same  weight  of  air,  when  the  coefficient  of 
expansion  corresponding  to  the  pressure  p'  is  0',  the  volumes  at  t  and  ti  tem- 
peratures being  V'  and  V,'  respectively,  — 


From  (2)  and  (3)  we  get 

v_v. 

V     V,' 

jr 

Here  ~-  is  the  ratio  of  the  volumes  of  the  same  weight  of  air  at  the  same 

y 

temperature  f,  at  the  different  pressures  p  and  p';  and  in  like  manner  —  L  is 

*  i 

the  ratio  of  the  volumes  of  the  air  at  the  same  temperature  *„  at  the  different 
pressures  p  and  />'.  This  expression  shows  that  these  ratios  are  not  equal, 
for  when  p'  is  greater  than  p,  then  ff  is  greater  than  0.  Hence  we  derive 
the  following  remarkable  result  :  — 

If  the  law  of  Mariotte  be  strictly  true  for  any  given  temperature  t,  it  will 
not  be  strictly  true  for  any  other  temperature  tr 
According  to  the  law  of  Mariotte,  let 
V 
V    V     p 

7=v<-7=" 

P 

but  when  the  temperature  is  tlt  by  equation  (4)  this  expression  becomes 


If  p'  be  greater  than  p,  then  fl7  is  greater  than  6  :  and  for  all  values  of  ft 
less  than  t,  this  fraction  will  be  greater  than  unity,  and  for  all  values  of  f, 
greater  than  t,  it  will  be  less  than  unity  :  hence  if  the  law  be  true  for  the 
temperature  t,  it  will  not  hold  strictly  true  for  the  temperature  fr  But  the 

excess  or  deficiency    **">f'.Vf"*,\  will,  in  all   possible    cases,  be  a 
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the  total  amount  of  heat  in  steam  at  212°,  or  the  boil- 
ing-point, is  1146°*6  Fahr.,  that  is  to  say,  the  heat  ne- 
cessary to  convert  a  pound-weight  of  water  at  32°  into 
a  pound-weight  of  steam  at  212°  temperature  would 
raise  the  temperature  of  a  pound  of  water  (suppos- 
ing it  to  remain  liquid)  1146°*6,  or,  what  is  the  same 
thing,  it  would  raise  the  temperature  of  1  146*6  Ibs.  of 
water  1°*  It  will  be  convenient  to  adopt  some  unit  of 
heat;  for  this  purpose  we  shall  define  a  unit  of  heat 
to  be  that  amount  of  heat  which  is  necessary  to  elevate  a 
pound  of  water  1°  ;  according  to  this  definition,  the  total 
number  of  units  of  heat  in  a  pound  of  steam  at  212°  is 
1146*6,  and  the  number  of  units  of  latent  heat  (estimated 
from  the  freezing  point  of  water)  will  be  1146*6  less  the 
units  of  sensible  heat—  or,  1146*6—  180°  =  966'6. 

Dr.  Black,  the  discoverer  of  latent  heat,  concluded 
from  his  experiments,  that  the  sum  of  the  sensible  and 
latent  heat  of  a  given  weight  of  steam  is  always  the  same, 
or  in  other  words,  that  a  given  weight  of  steam  at  any 
given  pressure  contains  the  same  amount  of  heat  that 
there  is  contained  in  the  same  weight  of  steam  at  any  other 
pressure.  This  simple  law,  until  very  recently,  was  univer- 
sally adopted  by  natural  philosophers  ;  but  the  experi- 
ments of  Regnault  have  shown  that  the  total  amount  of 
heat  in  a  given  weight  of  steam  increases  (slowly)  with 
the  increase  of  temperature.  If  we  take  the  total  units 
of  heat  of  steam  at  212°  to  be  1146*6  and  if  X  be  put  for 

email  fraction.  For  example,  let  p  be  equal  to  the  atmospheric  pressure, 
X-3/>.  '-100°,  *,-0,  then  by  formula  (1)  we  find  0=  -003665,  and 
*-  -00369  ;  hence  we  find  by  substituting  in  formula  (5) 


P 

This  will,  to  a  certain  extent,  account  for  the  discrepancies  which  have 
been  observed  by  different  experimentalists. 
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the  total  units  of  heat  estimated  from  32°  Fahr.  at  T  tem- 
perature, and  A'  for  the  units  of  latent  heat  at  that  tem- 
perature, —  then  the  law  of  Black  will  be  expressed  by 

x=  V  +  T  =  1146-6. 

And  the  law  discovered  by  Regnault  will  be  expressed  by 
A  =  1082  + -305  T       >.       ..         .         .     (5). 

At  212°  sensible  temperature,  the  total  heat  in  both 
cases  will  be  1146°-6;  whereas  at  300°  the  total  heat, 
according  to  Regnault's  law,  will  be  11730<5,  which  is 
about  27°  in  excess  of  1146°'6,  and,  on  the  contrary,  at 
190°  the  total  heat  according  to  Regnault's  law  will  be 
1140  nearly,  which  is  about  6°  less  than  1146°-6.  Now 
taking  16*4  as  the  mean  of  these  differences,  and  adding 
it  to  1146-6,  we  shall  have  A=1163  as  a  mean  value  for 
the  total  heat  of  steam,  according  to  Black's  law,  which 
will  not  differ  much  from  the  true  value  as  derived  from 
Regnault's  formula  for  different  temperatures. 

The  formula  A  =1082  +  -30oT  is  of  great  significance 
and  importance.  It  shows  that  in  order  to  raise  the 
temperature  of  saturated  steam  1°,  there  must  be  '305  of 
a  unit  of  heat  added  to  that  steam.*  It  is  therefore  ap- 
parent that  steam  of  a  high  pressure  contains  more  heat 
than  steam  at  a  less  temperature,  and  therefore  it  is  most 
economical  to  evaporate  liquids  at  as  low  a  temperature  a? 
possible. 

The   following  tablet   exhibits   the    total    heat    con- 

*  This  fraction  may  be  regarded  as  the  specific  heat  requisite  for  main- 
taining the  steam  in  a  state  of  saturation.  No  direct  reliable  experiments 
have  yet  been  made  for  the  determination  of  the  specific  heat  of  steam  at 
constant  volume,  or  at  constant  pressure.  The  specific  heat  of  air  has  been 
determined  with  considerable  precision.  The  specific  heat  of  air  at  con- 
stant volume  «0'1 7  nearly,  and  at  constant  pressure  =  0'24  nearly.  Tho 
ratio  of  these  numbers,  k,  is  1-41,  which  is  usually  taken  as  constant  for  all 
pressures  and  temperatures. 

f  The  relation  of  the  elements  contained  in  this  table  are  expressed  wit!; 
great  precision  by  the  following  general  formulae:  — 

B  4 
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tained  in  steam  at  different  temperatures  raised  from  a 
unit  of  water  at  32° :  — 


S-083CX-1146-6) 
A-967 


For  T=122°,  212°  and  302°,  the  values  ofp  derived  from  these  formula 
exactly  agree  with  the  values  given  in  the  table.  For  T  =  392°,  the  values 
of  p  derived  from  the  formulae  are  only  T  J,-,th  part  in  excess  of  the  values  of 
p  given  in  the  table,  and  for  T  =  32°  the  values  of  p  derived  from  the  for- 
mulae are  ,',  th  in  deficiency. 

The  constants  in  these  formula  have  a  certain  relation  to  each  other. 
The  constant  5-083  is  the  same  in  both  formulae.  The  constant  1146*6  in 
formula  (  1  )  is  the  total  heat  X,  corresponding  to  the  temperature  T,  in- 
dicated by  the  constant  212  of  formula  (2)  ;  and  in  like  manner  the  con- 
stant 967  of  formula  (1)  is  the  value  of  A  corresponding  to  the  temperature 
T—  —  377,  indicated  by  the  constant  377  of  formula  (2).  So  that  the 
constants  of  total  heat  in  the  one  formula  correspond  to  the  constants  of 
teinj>erature  in  the  other. 

When  T=  -377°,  logp=  -oo,  that  isp  =  0  ;  this  seems  to  show,  that 
at  the  temperature  of  377°  below  zero  (Fahr.),  the  pressure  of  the  vapour 
of  water  is  nothing.  We  might  reasonably  expect  that  there  should  be  a 
limit  to  the  repulsion  of  the  particles  of  vapour  to  each  other  ;  this  limit 
should  take  place  at  that  point  of  temperature  where  the  repulsive  force  of 
the  heat  is  balanced  by  the  cohesive  attraction  of  the  particles  of  the 
vapour.  The  result  derived  from  formula  (2)  seems  to  indicate  that  this 
temperature  is  at  377°  below  zero. 

When  T-oo,  log  /»«  5-083,  and  p  =  12  1200  atmospheres,  which  is  the 
maximum  value  ofp  fcrived  from  the  formula. 

From  formula  (1)  we  get 

A-967%H,8 

And  from  formula  (2),  — 


Formula;  (1)  and  (2)  may  be  reduced  to  the  following  forms  :  — 
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Temperature  of  the 
Vapour. 

T. 

Pressure  of  the  Vapour 
in  Atmospherei. 

P- 

Total  Heat. 
X. 

o 

32 

0-006 

1091-70 

50 

0-012 

1097-20 

68 

0-023 

1102-70 

86 

0-042 

1108-19 

104 

0-072 

111368 

122 

0-121 

1119-17 

140 

0196 

1124-66 

158 

0-306 

1130-15 

176 

0-466 

1135-64 

194 

0-691 

1141-13 

212 

1-000 

1146-62 

230 

1-415 

1152-11 

248 

1-962 

1157-60 

266 

2-671 

1163-09 

284 

3-576 

1168-58 

302 

4-712 

1174-07 

320 

6-120 

1179-56 

338 

7-844 

1185-05 

356 

9-929 

1190-54 

374 

12-425 

1196-03 

392 

15-380 

1201-52 

410 

18-848 

1207-01 

428 

22-882 

1212-50 

446 

27-535 

1217-99 

According  to  Black,  a  pound-weight  of  steam  contains 
1146*6  units  of  heat,  whatever  may  be  the  sensible  tem- 
perature of  that  steam,  but,  according  to  Regnault's  law, 
the  sum  of  the  units  of  heat  in  that  steam  is  increased  by 


Again,  putting  log  a  =  5-083,  log  £-=9 13,  and  log  k'  =  29 93 -9,  these  formulas 
become 

l 

Ax -i'i,7  .„,. 

x/>=o     . (7) 

l 
f^xp-a (8) 

The  formula,  A  =  1082+ -305  T,  expresses  the  total  quantity  of  heat 
which  must  be  communicated  to  a  unit  of  water  at  32°  to  maintain  it  in  the 
form  of  steam  at  T  temperature.  Now  let  t  be  the  temperature  of  the  water 
in  the  boiler  before  heat  is  applied,  and  Q  be  put  for  the  units  of  heat  re- 
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•305  for  every  degree  of  sensible  temperature ;  thus,  for 
example,  at  118°  above  boiling  temperature,  or  at  about  a 
pressure  of  100  Ibs.,  the  steam  contains  36  units  of  heat 
in  excess  of  what  it  would  contain  at  boiling  temperature. 

According  to  one  theory  of  the  steam-engine  (based 
upon  Black's  law  of  latent  heat),  the  steam,  as  it  expands 
in  the  cylinder,  always  contains  the  same  absolute  amount 
of  heat,  and  therefore  preserves  its  condition  of  maximum 
density,  and  does  not  change  its  capacity  for  watery 
vapour.*  Now  this  theory  is  not  only  inconsistent  with 
Regnault's  law  of  latent  heat,  but  it  involves  the  assump- 
tion that  steam  by  expansion  may  perform  work  without 
changing  its  condition  of  absolute  heat.  But  this  cannot 
be  the  case,  as,  when  saturated  steam  is  compressed,  its 
temperature  is  increased,  and  it  becomes  anhydrous ;  and, 
on  the  contrary,  when  saturated  steam  is  allowed  to 
expand,  a  portion  of  watery  vapour,  owing  to  the  re- 
duction of  temperature,  is  precipitated. f  The  heat  pro- 
duced by  the  compression  of  steam  from  15  Ibs.  to  100  Ibs. 
pressure,  is  equivalent  to  the  work  expended  in  producing 
that  compression,  and  vice  versd,  that  heat  would  repro- 
duce the  same  amount  of  work  by  the  expansion  of  the 
steam  from  100  Ibs.  to  15  Ibs.  pressure. 

There  is  a  great  advantage  gained  by  using  steam  of 
high  pressure;  for  whilst  the  work  performed  by  steam 
increases  rapidly  with  its  pressure,  the  quantity  of  heat 


quisite  for  raising  this  water  in  the  form  of  steam  at  T  temperature  ;  tin -n 
as  this  water  will  contain  (-32  units  of  heat  before  the  heat  is  a\>\ 
we  shall  have 

Q-1082+  -305l-(<-32); 
/.Q- 1114+ '3051-1 

*  Sec  the  remarks  in  Lecture  VI.,  on  Dr.  Joule's  new  Theory  of  the 
Steam-Enginc. 

f  In  the  first  edition  of  this  work,  the  law  here  stated  had  by  some 
inadvertence  been  reversed. 
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contained  in  steam  of  high  pressure  is  very  little  more 
than  that  which  is  contained  in  steam  of  low  pressure. 
Thus,  for  example,  the  number  of  units  of  heat  contained 
in  a  pound  of  steam  at  100  Ibs.  pressure  or  330°  tempera- 
ture, is  only  ^th  part  more  than  the  units  of  heat  contained 
in  a  pound  of  steam  at  35  Ibs.  pressure  or  260°  tem- 
perature.* 

Attempts  have  been  made  to  increase  the  efficiency  of 
the  steam-engine  by  employing  what  is  called  "  surcharged 
steam,"  or  steam  that  has  been  heated  after  it  has  left  the 
boiler.  The  advantage  which  is  supposed  to  be  derived 
from  this  plan  is,  that  anhydrous  or  dry  steam  has  a  less 
capacity  for  heat  than  saturated  steam,  whose  temperature 
is  raised  whilst  in  contact  with  water.  The  leading  fea- 
tures of  this  plan  may  be  described  as  follows :  — 

Let  A  represent  a  steam-boiler  of  the  usual  construc- 

Fig.  8. 


tion,  S  the  safety-valve,  a  a  stop-cock,  C  a  pipe  conveying 
the  steam  into  a  large  receiver  B,  which  is  heated  by 
means  of  a  furnace,  £D  a  pipe  conducting  the  heated 
steam  to  the  cylinder  of  an  ordinary  steam-engine.  The 
steam  from  the  boiler  A  time  after  time  fills  the  receiver 
B,  where  its  temperature  is  raised  until  it  attains  a  con- 
siderable working  pressure;  in  this  state  it  then  flows 

*  This  calculation  is  performed  in  the  following  manner:  — 

Units  of  heat  at  330°,  or  \  =  1 082  + -305  x  330  =  1182; 
Units  of  heat  at  260°,  or  A,  =  1082 +'305  x  260  =1161; 
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into  the  cylinder,  where   it  performs  work  by  its  ex- 
pansion, as  in  an  ordinary  steam-engine.* 

Let  us  suppose  the  receiver  B  to  be  filled  with  steam 
at  212°,  raised  from  a  cubic  foot  of  water,  and  let  this 
steam  be  heated,  say  to  the  temperature  of  294°,  then  it 
will  expand  precisely  as  air  or  any  other  gas,  and  the 
increase  of  elasticity,  according  to  Gay-Lussac's  law,  will 
be  from  1  atmosphere  to  1£  atmosphere — that  is,  from  a 
pressure  of  15  Ibs.  per  square  inch  to  about  17  Ibs.  per 
square  inch  f ;  but  when  this  steam  is  heated  to  294°  in 
contact  with  water,  the  additional  application  of  heat  in- 
creases the  density  of  the  steam  so  that  it  attains  a  pres- 
sure of  4  atmospheres,  that  is,  a  pressure  of  60  Ibs.  per 
square  inch.  Now  it  scarcely  requires  any  calculation  to 
show  that  the  work  of  steam  raised  from  a  cubic  foot  of 
water  at  60  Ibs.  pressure  must  be  very  much  greater  than 
the  work  of  the  same  weight  of  steam  at  1 7  Ibs.  pressure ; 
in  fact,  that  the  work  in  the  former  is  about  double  the 
work  in  the  latter ;  but  according  to  licgnault's  law  (see 
formula  (5)  p.  103,),  the  cubic  foot  of  water  in  the  form 
of  saturated  steam  at  294°  contains  only  about  ^th  part 
more  total  heat  than  the  cubic  foot  of  water  in  the  form 
of  steam  at  212°;  hence  it  appears,  that  with  less  than 
•3*5  th  more  heat  we  have  about  double  the  work.  It 
remains  that  we  should  determine  the  quantity  of  heat 
required  to  raise  the  temperature  of  the  steam  from  212° 
to  294°  by  superheating,  before  we  can  ascertain  with 
certainty  the  proportional  gain  of  effect  in  each  case.  It 
is  true,  that  by  employing  an  enormous  heat  to  the  re- 
ceiver B,  the  work  of  the  anhydrous  or  heated  steam  may 

•  In  this  case  I  do  not  suppose  that  the  superheated  steam  is  brought 
back  to  the  receirer  B,  after  it  has  left  the  cylinder,  as  in  the  case  of 
Sicmcn's  engine,  described  in  Lecture  VI. 

f  By  formula  (3),  P-P,  xl|±i-I5  xi||±|^-17  Ibf.  nearly. 
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be  very  much  increased.  But  in  order  to  have  a  fair 
comparison  between  the  two  methods,  we  should  have 
the  saturated  steam  heated  to  the  same  temperature  as 
the  anhydrous  steam.  No  doubt  some  advantage  may  be 
gained  by  heating  the  steam  in  the  receiver  until  it  attains 
a  pressure  equal  to,  or  nearly  equal  to,  the  pressure  of  the 
steam  usually  employed  in  our  steam-engines,  but  in  most 
cases  this  would  require  the  application  of  a  destructive 
temperature.  It  would  require  the  steam  at  212°  to  be 
raised  in  the  receiver  to  a  temperature  which  would  fuse 
copper,  in  order  to  give  that  steam  a  pressure  of  60  Ibs. 
per  square  inch.* 

*  I  purpose  to  make  (in  a  few  months*  time)  a  series  of  experiments 
with  the  view  of  determining  whether  or  not  any  real  advantage  is  gained 
by  the  use  of  surcharged  steam,  beyond  that  of  preventing  condensation 
and  the  loss  of  heat. 
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LECTURE  V. 

ON    STEAM. 

IN  the  preceding  Lecture  we  endeavoured  to  show,  by  a 
series  of  investigations, — 

1st.  That  in  working  a  steam-engine,  it  is  most  con- 
venient to  employ  steam  in  the  usual  manner,  when  the 
temperature  of  the  steam  in  the  cylinder  is  the  same  as 
the  temperature  of  the  heated  steam  in  the  receiver  or 
pipe  communicating  with  the  boiler. 

2nd.  That  an  advantage  may  be  gained  by  the  use  of 
heated  steam,  when  the  temperature  of  the  steam  in  the 
receiver  is  elevated  above  the  temperature  of  the  satu- 
rated steam  in  the  cylinder. 

The  truth  of  these  conclusions  will,  however,  depend 
upon  the  value  of  the  constants  of  specific  heat ;  and 
before  we  can  arrive  at  definite  results  on  a  question  of 
such  importance  as  that  which  involves  the  comparative 
efficiency  of  surcharged  steam,  it  will  be  necessary  to 
determine,  by  actual  experiment,  the  exact  value  of  the 
specific  heat  of  steam  under  constant  volume,  as  well  as 
under  constant  pressure. 

These  experiments,  if  carefully  conducted,  would  solve 
the  difficulty  which  at  present  exists,  and  probably  de- 
termine the  exact  law  which  marks  the  difference  between 
heat  when  applied  to  steam  under  constant  density  and 
volume,  and  steam  under  circumstances  where  the  volume 
is  constant,  but  the  density  increased.  At  some  future 
period  we  shall  have  to  consider  both  these  questions ; 
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lor  the  present  we  must  content  ourselves  with  an 
inquiry, — 

1st.  Into  the  relative  force  of  steam  at  different  tem- 
peratures ; 

2nd.  Into  the  relative  volume  of  steam  to  its  equivalent 
volume  of  water;  and 

Lastly,  Into  the  laws  which  govern  the  mechanical 
action  of  steam,  loss  of  temperature,  &c.  To  all  these 
subjects,  bearing  directly  upon  the  use  and  appliances  of 
steam,  I  invite  your  attention:  and  I  trust,  that  what 
I  have  to  communicate  to  you  on  these  subjects  will 
not  be  uninteresting,  but  contribute  to  the  extension  of 
your  knowledge  in  this  department  of  practical  science. 

1.   On  the  relative  Force  of  Steam  at  different 
Temperatures. 

The  discoveries  and  experimental  researches  of  Dalton 
exhibit  some  curious  and  interesting  facts.  In  his  Essays 
"  On  the  Constitution  of  mixed  Gases,  or  the  Force  of 
Steam  or  Vapour  from  Water  and  other  Liquids  at 
different  Temperatures,"  "  On  Evaporation  and  the 
Expansion  of  Gases  by  Heat,"  &c.,  he  states,  when 
treating  of  these  different  subjects, — 

"  1st.  When  two  elastic  fluids,  denoted  by  A  and  B, 
are  mixed  together,  there  is  no  mutual  repulsion  amongst 
the  particles ;  that  is,  the  particles  of  A  do  not  repel  the 
particles  of  B,  as  they  do  one  another.  Consequently, 
the  pressure  or  whole  weight  upon  any  one  particle  arises 
solely  from  one  of  its  own  kind. 

"  2nd.  The  force  of  steam  from  all  liquids  is  the  same, 
at  equal  distances  above  and  below  the  several  tem- 
peratures at  which  they  boil  in  the  open  air,  and  that 
force  is  the  same  under  any  pressure  of  any  other  elastic 
fluid  as  it  is  in  vacua.  Thus  the  force  of  aqueous  vapour 
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at  212°  is  equal  to  30  inches  of  mercury;  at  30°  below, 
or  182°,  it  is  of  half  that  force ;  and  at  40°  above,  or 
252°,  it  is  of  double  the  force.  So  likewise  the  vapour 
from  sulphuric  ether  which  boils  at  102°,  then  support- 
ing 30  inches  of  mercury,  at  30°  below  that  temperature, 
is  of  half  the  force,  and  at  40°  above  it,  is  of  double  the 
force,  and  so  on  in  other  liquids. 

"  3rd.  The  quantity  of  any  liquid  evaporated  in  the 
open  air,  is  directly  as  the  force  of  steam  from  such 
liquid  at  its  temperature,  all  other  circumstances  being 
the  same. 

u  4th.  All  elastic  fluids  expand  the  same  quantity  by 
heat ;  and  this  expansion  is  very  nearly  in  the  same  equa- 
ble way  as  that  of  mercury,  at  least  from  32°  to  212°." 

From  these  extracts  it  would  appear  that  the  expansion 
of  all  elastic  fluids,  whether  from  water  or  any  other 
liquid,  follows  the  same  law,  and  that  the  expansion  of 
the  particles  of  the  same  fluid  will  be  directly  as  the 
increase  of  temperature. 

On  this  question  of  temperature  and  elastic  force 
Dalton  has  made  some  exceedingly  simple  as  well  as 
conclusive  experiments,  which  he  has  tabulated,  showing 
the  force  of  vapour  from  water  at  every  temperature  — 
from  that  of  the  congelation  of  mercury,  or  40°  below 
zero,  to  325°  of  Fahrenheit,  In  this  table  he  gives  the 
force  of  the  vapour  in  numbers  corresponding  to  the 
temperature  as  follows :  — 


Temp. 
-40° 

Force  of  Vapour, 

in  inches  of 
Mercury. 
•013 

Pressure  In  lb». 
per 
square  inch. 
•006 

Temp. 
80° 

Force  of  Vapoui 
in  Inches  of 
Mercury. 
I'OO 

,    Pressure  in  Ib 
per 

square  inch. 
•500 

—  20 

-        '030 

•015 

100 

1-86 

•930 

-10 

•043 

•021 

150 

7-42 

3710 

0 

212 

30-10 

15000 

10 

•090 

•045 

250 

5821 

29-105 

20 

•129 

•064 

300 

11T81 

55905 

40 

•263 

•131 

325 

14070 

70700 

60 

-       -524 

•262 
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Now,  if  we  compare  the  above  deductions  with  actual 
experiments  upon  a  large  scale,  as  deduced  from  my 
own  experiments  and  those  of  Arago  and  Dulong,  it 
will  be  found  that  up  to  250°  there  is  a  remarkable 
:  ee  of  correspondence,  but  above  this  temperature 
Pulton's  ratio  of  pressure  and  temperature  differs  con- 
siderably, the  pressures  being  below  those  of  Arago, 
Dulong,  and  my  own.  At  300°  and  325°,  for  example, 
he  gives  the  pressure  or  force  at  55*9  and  70'7  Ibs.  on  the 
square  inch,  whereas  in  my  own  experiments  the  pressures 
at  the  same  temperatures  are  respectively  72  and  106  Ibs., 
and  in  those  of  Arago  and  Dulong  they  are  66  and  94  Ibs. 
In  my  own  experiments,  as  derived  from  the  locomotive 
engine  at  Longsight,  they  differ  at  the  higher  temperatures 
from  both  Dalton  and  Dulong,  as  may  be  seen  by  the 
following  numbers,  which  indicate  the  force  of  the  steam 
at  the  respective  temperatures  of  250°,  300°  and  325  \ 

COMPARATIVE  FORCE  OF  STEAM  at  different  tem- 
peratures, as  derived  from  the  experiments  of  Dalton, 
Arngo,  Dulong,  &c. 

Pressure  in  Ibs.  per  sq.  In. 

Temperature. 

Fahr.o 

250 

300 

325 

From  this  it  is  obvious  that  the  pressures  per  square 
inch  have  a  remarkable  coincidence  up  to  250°;  above 
that  temperature  they  do  not  agree,  Dalton's  results 
being  as  much  below  as  mine  are  above  Arago's  and 
Dulong's,  &c.* 

It  is  probably  difficult  to  account  for  the  discrepancies 
which  present  themselves  in  these  experiments ;  they  may 

*  The  experiments  of  Rcgnault  (see  page  102)  give  30  5,  6S'7,  and  98'6 
nearly  for  these  pressures. 

I 


Dalton. 

1  airb.iirn. 

Arago  and  Dulonj 

29-2 

55  9        '* 
707 

30-2 
72-7 
106-8 

- 

29-5 
66-0 
94-0 
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arise  from  different  causes ;  in  the  case  of  Dalton,  from 
not  having  means  and  opportunity  to  conduct  his  experi- 
ment on  a  large  scale ;  and  Arago  and  Dulong,  although 
supplied  with  appropriate  apparatus  and  every  conve- 
nience that  a  government  can  afford,  might  nevertheless 
encounter  difficulties  which  the  present  construction  of 
steam-engines  adapted  to  work  at  high  pressures  has  a 
tendency  to  remove.  Besides,  it  is  not  improbable  that 
the  application  and  the  difference  of  instruments  used  in 
ascertaining  the  temperature,  may  have  been  such  as  to 
account  in  some  measure  for  the  discrepancies  which 
occur ;  and  this  is  the  more  strikingly  apparent,  when  the 
results  obtained  from  the  higher  temperatures  and  pres- 
sures of  Arago  and  Dulong  are  considered  in  reference  to 
those  indicated  by  the  experiments  at  Longsight.*  To 
these  differences  we  may  at  some  future  time  have  occa- 
sion to  refer ;  but  this  question  can  only  be  settled  by 
renewed  experiment  and  research ;  and  in  doing  so,  we 
shall  endeavour  either  to  account  for  the  discrepancies 
which  exist,  or  to  confirm  the  results  of  the  experiments 
which  were  made  on  the  occasion  referred  to  above.  For 
the  present  we  proceed  to  the  consideration  of  the  next 
division  of  our  subject. 

2.    The  relative  volume  and  density  of  Steam  to  its 

equivalent  volume  of  water. 

Numerous  experiments  have  been  made  to  ascertain  the 
relative  temperatures  and  pressures  of  steam,  but  they 
have  seldom  been  extended  beyond  a  few  atmospheres ; 
most  of  them,  in  fact,  have  been  made  below  the  pressure 
of  the  atmosphere,  which,  taken  as  a  scientific  inquiry,  is 
highly  valuable ;  but  to  the  practical  engineer  (having  to 

*  Tho  nir-thermomctcr  is  probably  the  most  trustworthy  instrument  in 
conducting  these  experiments,  and  was  employed  by  Rcgnault,  whose  re- 
searches on  the  relation  of  temperature  and  clastic  force  leave  nothing  to 
l)c  desired.  The  table  on  the  next  page  docs  not  differ  materially  from  his 
results. 
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deal  with  steam  as  high  as  six  or  seven  atmospheres,  and 
when  he  may  be  called  upon  at  some  future  time,  as  our 
theoretical  and  practical  knowledge  extends,  to  use  and 
economise  steam  at  double  that  pressure)  they  are  compa- 
ratively of  little  value.  It  is  true,  we  have  the  experi- 
ments of  Arago  and  Dulong,  as  given  by  the  Academy  of 
Sciences,  and  those  of  Pambour  in  the  treatise  referred  to 
in  the  last  lecture;  but  even  those  experiments,  sur- 
rounded as  they  are  by  technical  formulae,  are  not  of  a 
character  to  instruct  the  operative  engineer  in  the  elemen- 
tary truths  connected  with  his  professional  pursuits.  The 
experiments  of  Arago  and  Dulong  were  undertaken  for  a 
scientific  as  well  as  a  practical  object ;  they  were  insti- 
tuted at  the  request  of  the  Academy  of  Sciences  of  the 
Institute  of  France,  almost  exclusively  for  the  purpose  of 
determining  certain  laws ;  and  as  no  expense  was  spared, 
they  were  conducted  with  great  exactitude,  and  now  form 
important  data,  which  may  safely  be  referred  to,  on  the 
elastic  power  of  steam  at  moderately  high  temperatures.* 
Finding  the  experiments  of  Arago  and  Dulong  limited 
in  their  application  as  respects  temperature  and  pressure, 
I  availed  myself  of  an  accident  which  occurred  a  few  years 
since,  by  the  explosion  of  a  locomotive  engine  at  Long- 
sight,  near  Manchester,  to  extend  these  inquiries;  and 
conceiving  that  the  experiments  then  made  refer  with  pe- 
culiar force  to  the  present  inquiry,  I  am  sure  you  will  not 

*  In  the  pursuit  of  experimental  research  I  would  here  notice  the 
diHeri-iire  which  exists  between  the  Government  of  France  and  that  of 
our  own  country.  There  whenever  a  doubtful  question  in  science  has  to 
i  ti-rmined  by  experiment  the  Government  cheerfully  undertakes  it, 
generally  through  the  medium  of  the  National  Institute.  In  this  country 
the  Government  usually  leaves  the  inquiry  (frequently  attended  with 
great  expense)  to  individuals  I  will  not  say  what  I  have  myself  spent 
in  this  way,  but  I  am  glad  to  observe  a  more  liberal  and  generous  feeling 
on  the  part  of  Her  Majesty's  Government  in  the  yearly  grant  of  1000/., 
for  the  promotion  and  extension  of  science,  obtained  through  the  medium 
and  interest  of  Lord  John  Russell. 

I  2 
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think  me  tedious  if  I  attempt  to  introduce  them  on  the 
present  occasion.  They  will  be  found  of  considerable 
value  and  importance,  when  compared  with  those  of 
Arago  and  Dulong ;  and  having  extended  them  as  high  as 
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359 

8 

236-1 

1125 

Above 

70 

317-8 

340 

9 

238-4 

1082 

the  atrao-  « 

75 

321-9 

323 

Above  the 
atmosphere 

10 

11 
IS 

240-7 
243-0 
245-1 

1042 
1005 
971 

sphere 

80 
85 

90 

325-8 
329-6 
332-2 

307 
293 
281 

I'i 

247-2 

939 

105 

343-3 

249 

11 

249-2 

909 

120 

352-4 

224 

Ifi 

251-2 

882 

135 

360-8 

203 

Lfl 

253-1 

855 

150 

368-5 

187 

1  7 

255-0 

831 

165 

375-6 

173 

!>• 

256-8 

808 

180 

382-3 

161 

1'.' 

258-6 

786 

195 

388-6 

150 

M 

260-3 

765 

no 

394-6 

141 

u 

263-7 

727 

":> 

4002 

133 

the  thermometers  ranged  (upwards  of  seven  atmospheres), 
I  trust  they  will  not  be  the  less  acceptable  for  their 
approximate  agreement  with  the  experiments  of  the  dis- 
tinguished philosophers  referred  to. 

Treating  of  the  volume    of  steam   generated   under 
different  pressures  compared  with  the  volume  of  water 
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which  produced  it,  Pambour  has  compiled  a  Table  from 
calculations  founded  on  the  experiments  of  Arago  and 
Dulong,  of  which  the  foregoing  Table,  with  certain  altera- 
tions in  the  arrangement,  is  an  extract.  Under  the  head 
relative  volumes,  are  given  the  relative  densities  of  the 
steam  at  the  several  temperatures.  These  figures  express 
the  number  of  times  a  unit  of  volume  of  water  expands 
when  converted  into  steam  at  these  temperatures  respec- 
tively. Hence,  by  dividing  62£  Ibs.,  the  weight  of  a 
cubic  foot  of  water,  by  any  one  of  these  numbers,  we 
shall  get  the  weight  of  a  cubic  foot  of  steam  at  the  cor- 
responding temperature.  It  must  be  observed,  however, 
that  these  figures  are  calculated  on  the  assumption  that 
the  gaseous  laws  apply  to  steam,  an  assumption  of  which, 
as  already  stated,  I  have  been  enabled,  experimentally, 
to  show  the  inaccuracy. 

I  have  given  this  abstract  in  the  tabulated  form  in  order 
to  admit  of  comparison  with  the  results  of  the  actual  ex- 
periments, made  at  Longsight  for  the  purpose  of  ascer- 
taining the  rate  at  which  steam  accumulates,  and  also  for 
determining  its  corresponding  rate  of  increase  of  pressure 
with  the  fire  under  the  boiler,  all  the  outlets  for  the  escape 
of  the  steam  being  closed.  Mr.  Ramsbottom,  the  Resident 
Engineer  on  the  North-Eastern  Division  of  the  London 
and  North- Western  Railway,  kindly  undertook  such  ex- 
periments as  were  calculated  to  ascertain  the  rate  of  accu- 
mulation of  pressure  in  a  locomotive  engine  having  no 
escape  for  the  steam,  and  its  safety-valves  made  fast ;  but 
as  those  experiments,  although  perfectly  satisfactory,  were 
limited  in  their  extent,  I  deemed  it  necessary  to  repeat 
them  under  the  ordinary  circumstances  of  the  engine 
standing,  and  as  nearly  as  possible  in  the  same  condition 
with  the  fire  under  the  boiler  as  that  which  exploded. 

Mr.  Ramsbottom  conducted  his  experiments  from  30  lb?. 
up  to  80  Ibs.  on  the  square  inch ;  but  in  order  to  ascertain 
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more  distinctly  the  rate  of  increase  in  the  pressure,  it  was 
considered  desirable  to  extend  them  through  a  greater 
range  of  temperature,  and  to  prove  that  we  could  not 
with  impunity,  for  any  length  of  time,  continue  to  shut 
off  all  means  of  escape  for  the  steam,  with  a  blazing  or 
even  a  moderate  fire  under  the  boiler.  From  these  ex- 
periments the  following  results  were  obtained :  — 

EXPERIMENTS  made  to  determine  the  rate  of  increased 
pressure,  temperature  of  steam,  &c.,  in  a  locomotive 
engine  with  the  safety-valve  screwed  down  and  the  fire 
under  the  boiler.* 


Time. 

Pressure  in  IDS. 
per  Square  Inch 
above  the 
Atmosphere. 

Temperature. 
No.  I. 
Gauge. 

Temperature. 
No.  2. 
Gauge. 

Mean 
Temperature. 

h    in 

o 

o 

0 

2  44 

11-75 

243 

243 

243-00 

2  45 

14-15 

247 

247$ 

246-75 

2  46 

16-35 

251 

251 

251-00 

2  47 

19-25 

255£ 

255 

255-25 

2  48 

22-35 

260 

259£ 

259-75 

2  49 

25-75 

264 

264 

264-00 

2  50 

28-95 

268} 

268± 

268-37 

2  51 

32-15 

273 

273 

273-00 

2  52 

35-75 

277 

277 

277-00 

2  53 

39-95 

282 

282 

282-00 

2  54 

44-25 

286£ 

286± 

286-37 

2  55 

48-35 

291 

291 

29100 

2  56 

52-75 

295£ 

295± 

295-37 

2  57 

57-75 

300 

300 

30000 

2  58 

63-75 

3044 

304$ 

304-25 

2  59 

6895 

308  J 

309 

308-75 

3  00 

74-75 

313 

313 

313-00 

3     1 

8035 

318 

317$ 

317-75 

3     2 

87-25 

322 

322 

322-00 

3     3 

93-95 

326$ 

326 

326-  l:i 

3     4 

101-15 

331 

331 

331-00 

3     5 

10875 

335  k 

335* 

335-37 

3     6 

111-75       This  experiment  was  lost,  t 

ie  thermo- 

meters  not  indicating  a  higher  temperature. 

*  On  comparing  this  Table  with  the  experiments  of  Dalton,  Arago,  and 
Dulong,  it  will  be  found  that  the  elastic  force  of  the  steam  is  calculated  by 
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On  comparing  the  computed  Table  of  Pambour  on 
pressure  and  temperatures  with  the  above  results,  no  great 
dill i- iv nee  will  be  found  to  exist,  excepting  only  at  the 
higher  pressures,  where  the  difference  is  only  about  2J 
prr  cent  We  may  therefore  consider  them  as  near  an 
Approximation  as  the  state  of  the  thermometers  and  cir- 
cumstances would  admit. 

It  will  be  observed,  from  the  extracts  thus  given  from 
my  own  experiments,  and  the  comparison  made  between 
them  and  those  of  Arago  and  Dulong,  that  the  results  are 
not  widely  different.  On  the  contrary,  they  approximate 
closely  to  each  other;  and  the  tables  themselves  corre- 
spond so  nearly  to  the  truth,  that  we  may  safely  recommend 
them  for  adoption  in  every  case  where  the  temperature, 
density,  and  volume  of  steam  become  questions  of  consi- 
deration for  the  practical  engineer. 

In  speaking  of  a  volume  of  steam,  as  compared  to  the 
volume  of  water  that  produces  it,  we  must  bear  in  mind 
that  it  has  been  ascertained  that  steam  generated  under 
the  pressure  of  the  atmosphere  (151bs.  on  the  square 
inch)  will  occupy,  in  round  numbers,  1700  times  that  of 
the  water  from  which  it  is  generated. 

Pambour  and  others  have  given  formul®  for  calculating 
the  volumes  of  steam  raised  from  a  unit  of  water  at  dif- 
ferent pressures ;  but  wishing  to  avoid  theoretic  deduc- 
tions, we  shall  content  ourselves  by  showing  in  the 
annexed  diagram  the  volume  which  steam  at  different 
pressures  occupies  in  relation  to  its  volume  of  water. 

In  this  comparison  I  have  endeavoured  to  trace  the 
relative  bulk  or  volume  of  the  atoms  of  steam  to  their 
corresponding  volumes  of  water ;  and  on  looking  over  the 
diagram,  it  will  be  observed  that  the  atoms  of  water,  when 

those  philosophers  from  temperatures  below  the  boiling-point  of  water, 
whereas  the  above  commences  at  31°  above  that  point,  or  243°  of  Fahren- 
heit* For  further  particulars,  see  Appendix  No.  XL 

I  4 
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thus  expanded  by  heat,  harmonise  in  consecutive  order 
with  their  respective  pressures;  and  that  each  atom  of 
water,  when  converted  into  steam,  will  occupy  the  par- 
ticular space  to  which  its  volume  is  entitled  by  the 
expansive  force  of  heat.  This  beautiful  law  of  nature 
gives  us  the  use  and  the  control  of  an  elastic  force,  which, 
if  directed  with  prudence,  may  yet  confer  benefits  un- 
heard-of in  the  past  history  of  physical  science. 

We  have  already  stated  that  Pambour,  in  his  discussions 
on  the  relative  volume  of  steam  and  the  pressure  at  equal 
temperatures,  remarks,  "that  if  the  volume  of  any  weight 
of  gas  or  of  steam  be  made  to  vary  without  changing  its 
temperature,  the  elastic  force  of  the  gas  will  vary  in  the 
inverse  ratio  of  the  volume  it  is  made  to  occupy  :  "  or,  in 
other  words,  again  quoting  from  his  "  Practical  Treatise," 
"  that,  according  to  this  law,  if  a  given  weight  of  an  elastic 
fluid  be  compressed  to  half  its  primitive  volume,  without 
changing  its  temperature,  the  elastic  force  of  that  fluid 
will  become  double.  But  it  is  plain  that  this  effect  cannot 
take  place  in  the  steam  in  contact  with  the  liquid,  because 
it  is  supposed  that  during  the  change  of  pressure  the  tem- 
perature remains  constant,  whereas  we  have  seen  that  in 
such  a  state  the  pressure  always  accompanies  the  tem- 
perature, and  vice  versa.19 

Now,  on  this  subject  it  has  been  shown  that  we  cannot 
increase  the  density  of  bodies  without  increasing  at  the 
same  time  the  temperature;  and  this  is  strongly  exem- 
plified in  some  interesting  experiments  on  densities  with 
which  I  am  at  present  engaged.  It  appears  to  be  a 
universal  law,  that  any  increase  of  pressure  is  followed 
by  its  relative  increase  of  temperature,  and  that  we  can- 
not with  impunity  attempt  to  force  the  atoms  or  mole- 
cules of  bodies  into  closer  contact  without  an  equivalent 
increase  of  temperature.  This  appears  to  be  a  fixed  and 
determined  principle  of  nature,  which  I  have  found  amply 
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1  tied  up  to  a  pressure  of  6000 atmospheres  or  90,000  Ibs. 
on  the  square  inch.  These  curious  and  exceedingly  in- 
-ting  experiments  are  far  from  being  completed,  and 
it  would  probably  be  ill-timed  to  trouble  you  with  them 
at  present ;  I  may,  however,  observe  that  M.  de  Pambour 
notices  some  properties  in  the  effects  of  steam  discovered 
by  the  celebrated  chemist  M.  Gay-Lussac,  which  to  some 
extent  bear  upon  the  questions  of  temperature  and  pres- 
sure. They  are  as  follows :  —  "  That  if  the  temperature 
of  a  given  weight  of  an  elastic  fluid  be  made  to  vary,  its 
tension  being  maintained  at  the  same  degree,  it  will 
receive  augmentation  of  volume  exactly  proportional  to 
the  augmentation  of  temperature,  and  according  to  the 
Litest  experiments,  for  each  degree  of  the  Centigrade 
thermometer  the  increase  of  volume  will  be  '00366  of  the 
volume  which  the  same  weight  of  fluid  occupies  at  the 
temperature  zero." 

Reducing  the  Centigrade  thermometer  to  that  of 
Fahrenheit,  we  should  then  have  for  each  augmentation 
of  1°  of  temperature  an  increase  of  "00203  of  the  volume 
occupied  by  the  fluid  at  the  temperature  of  the  foregoing 
point,  or  32°.  This  law  does  not,  however,  apply  to 
steam  in  contact  with  the  water,  as  the  density  in  this 
case  invariably  increases  with  the  temperature,  and  vice 
versa,  as  we  have  already  demonstrated  by  the  experi- 
ments referred  to. 

3.   On  the  Laws  which  govern  the  Mechanical  Action  of 
Steam,  Loss  of  Temperature,  §*c. 

There  exists  a  difference  of  opinion  on  this  point  amongst 
philosophers,  particularly,  as  regards  the  properties  of 
steam  in  contact  with  the  water  in  the  boiler.  It  is  well 
known  that  steam,  when  evaporated  from  water  under  the 
pressure  of  the  atmosphere,  never  exceeds  a  temperature 
of  212°  Fahr.,  and  that  whatever  quantity  of  heat  be  added 
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to  the  water,  it  never  rises  above  that  temperature.  I  may 
again  observe,  that  all  the  heat  given  out  by  the  furnace 
to  the  water  must  be  absorbed  by  the  steam,  and  must 
remain  in  it  in  a  latent  state,  which  is  evidently  the  case, 
as  the  additional  increments  of  heat  have  no  effect  on  the 
thermometer,  and  only  become  perceptible  when  the  steam 
is  condensed,  that  is,  by  depriving  it  of  its  latent  heat. 
Pambour  considers  the  latent  heat  of  steam  to  be  such  as 
to  maintain  the  particles  of  water  in  the  degree  of  separa- 
tion suitable  to  the  new  state  of  the  elastic  fluid,  and  to 
become  absorbed  by  the  steam  in  a  manner  similar  to  that 
in  which  it  is  absorbed  by  the  water  in  passing  from  the 
state  of  ice  to  that  of  liquefaction. 

It  is  however  important  to  know  the  changes  and  modi- 
fications steam  may  undergo  when  separated  from  the 
water,  and  conveyed,  as  is  almost  invariably  the  case, 
from  the  boiler  to  the  engine,  where  its  mechanical  effect 
is  tested  by  the  force  with  which  it  impinges  upon  the 
piston  of  that  highly  important  and  useful  machine. 

Now,  as  the  latent  heat  of  steam  has  something  to  do 
with  this  process,  I  am  sure  you  will  pardon  me  if  I 
endeavour  to  give  you  as  clear  a  conception  as  possible  of 
what  we  have  to  guard  against  in  the  escape  of  heat  under 
circumstances  where  loss  of  density  and  temperature  is  the 
result. 

The  transport  or  conveyance  of  steam  to  any  distance 
is  invariably  attended  with  loss  from  the  escape  or  radia- 
tion of  heat  from  the  pipes  by  which  the  steam  is  con- 
ducted in  its  passage  to  the  engine,  or  to  the  spot  where 
it  has  to  be  used,  either  as  an  element  of  motive  power, 
or  for  the  purposes  of  heating,  boiling,  &c.  Deprived  of  a 
portion  of  its  heat,  it  then  becomes  steam  of  a  different 
description  to  what  it  was  when  in  contact  with  the  liquid 
in  the  boiler,  and  where  it  was  receiving  constant  supplies 
of  heat  from  the  furnace.  Once  admitted  into  the  pipes, 
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that  contact  with  the  fluid,  so  essential  to  the  maintenance 
of  its  temperature  and  density,  no  longer  exists ;  and  un- 
less we  are  very  careful,  a  considerable  portion  of  its  heat 
and  pressure  will  inevitably  escape.  This  is  a  question  of 
deep  importance  to  every  one  engaged  in  the  generation 
and  application  of  steam,  and  I  cannot  sufficiently  impress 
upon  the  minds  of  the  operative  as  well  as  the  professional 
engineer,  the  necessity  which  exists  for  instituting  a  care- 
ful inspection  into  all  circumstances  connected  with  the 
clothing  of  pipes  and  boilers,  to  prevent  the  escape  or  dis- 
engagement of  that  subtle  force,  heat.  Under  all  circum- 
stances, we  should  therefore  pay  special  attention  to  the 
retention  of  heat,  whether  latent  or  otherwise,  in  the 
steam,  by  carefully  clothing  the  exterior  surfaces  of  pipes 
and  boilers  exposed  to  the  atmosphere. 

Having  thus  far  directed  your  attention  to  the  various 
conditions  of  water  in  the  solid,  fluid,  and  gaseous  states, 
it  now  only  remains  for  me  to  trespass  upon  your  time  a 
little  longer,  whilst  I  endeavour  to  show  in  what  manner 
the  steam  thus  generated  and  thus  conveyed  can  best  be 
employed  to  produce  mechanical  effect,  with  the  greatest 
economy  in  all  the  varied  forms  of  its  application. 

In  the  preceding  observations  I  have  urged  upon  you  the 
necessity  of  using  every  precaution  to  preserve  the  heat 
(whether  latent  or  active)  in  the  steam,  and  in  its  trans- 
port to  the  locality  of  application.  Heat  is  one  of  those 
insidious  agents  that  is  constantly  on  the  watch  to  make 
its  escape.  It  resists  every  attempt  to  place  it  under  con- 
trol, and  it  not  unfrequently  happens  that  the  strongest 
iron  plates  and  bars  are  insufficient  to  retain  it  within 
bounds,  and  to  resist  the  force  and  impetuosity  of  its 
attack.  In  fact,  it  is  one  of  those  irresistible  agents,  when 
allied  to  the  vapour  of  water,  that  gathers  strength  by 
confinement,  and,  like  all  other  great  powers,  it  is  either 
useful  or  destructive,  according  to  its  force ;  and  if  we 
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desire  to  make  it  useful  and  turn  it  to  the  beneficent 
purposes  of  nature,  and  apply  its  powers  to  the  wants  of 
man,  we  must  give  it  room  to  expand  and  contract ;  and 
this  we  must  do  by  confining  it  within  such  iron  bounds 
as  will  render  it  tractable  under  the  varied  forms  and  con- 
ditions in  which  it  may  be  employed.  Under  those 
restraints,  it  will  serve  you  with  a  fidelity  incomparably 
superior  to  either  of  its  constituents, — fire  and  water, — 
taken  singly. 

I  have  expressed  myself  in  this  familiar  manner  in  order 
to  bring  the  subject  prominently  before  you,  and  to  show 
that  in  the  exercise  of  an  economical  distribution  of  steam 
as  a  motive  power,  we  should  be  most  careful  to  maintain 
the  union  of  the  heat  and  the  water  as  it  passes  from  the 
boiler,  and  during  the  period  of  its  action  on  the  organisa- 
tion of  a  machine,  like  the  steam-engine,  so  well  calculated 
to  distribute  its  force  and  overcome  any  resistance  to 
which  it  may  be  applied.  We  look  in  vain  for  any  other 
agency  to  effect  this  prodigious  amount  of  labour. 
Such  being  the  case,  I  am  persuaded  that  in  this  address 
I  do  not  ask  too  much,  if  I  simply  require  from  you  the 
exercise  of  a  judicious  and  careful  supervision.  Retain 
what  you  have  got,  preserve  your  steam,  and,  in  military 
parlance,  "  Keep  your  powder  dry."  These  are  the  re- 
quirements which  you  are  called  upon  as  operative  engi- 
neers to  meet,  and  I  make  no  doubt  you  will  faithfully 
and  honestly  perform  your  duty. 

To  produce  a  maximum  mechanical  effect  with  a  mini- 
mum quantity  of  steam,  two  things  are  essential ;  first, 
the  prevention  of  the  escape  of  heat  in  its  transmission 
from  the  boiler  to  the  engine ;  and,  secondly,  the  working 
of  the  steam  expansively  when  you  get  it  there.  A  great 
deal  has  been  said  of  surcharged  steam,  or  steam  that  is 
re-heated  in  its  passage  from  the  boiler  to  the  engine. 
Now,  on  this  important  subject  I  am  probably  not  so  well 


ON   STEAM.  125 

-ed  as  I  could  wish ;  but  I  have  endeavoured  to  discuss 
it  in  the  previous  Lecture,  and  it  yet  remains  to  be  seen 
whether  the  conclusions  I  have  arrived  at  be  such  as  are 
borne  out  by  the  facts.  In  order,  however,  to  retain  the 
heat  and  prevent  any  diminution  of  temperature  in  the 
;m,  I  have  on  several  occasions  suspended  the  steam - 
pipes  in  the  heated  flues  as  they  pass  from  the  boiler  to 
the  engine,  and  this  plan  I  can  say  is  not  only  economical, 
but  it  prevents  condensation,  and  conveys  to  the  engine 
what  is  technically  called  anhydrous  or  dry  steam.  It  is 
further  desirable  to  make  use  of  the  surplus  heat  for  in- 
creasing the  temperature  of  the  water  from  the  feed-pump, 
by  enclosing  those  pipes  also  in  the  flues,  or  by  exposing 
a  series  of  pipes  to  the  action  of  the  heated  currents  as 
they  pass  from  the  boiler  to  the  chimney,  a  method  already 
applied  and  that  successfully,  by  an  apparatus  constructed 
by  Mr.  Green  of  Wakefield. 

The  expansive  action  of  steam  is  a  question  of  vast 
importance,  but  so  well  known  as  to  require  no  very 
lengthened  description  in  this  place ;  suffice  it  to  observe, 
that  the  subject  has  attracted  the  attention  of  some  of 
our  ablest  engineers,  and  it  is  now  generally  acknowledged 
that  a  very  considerable  saving  is  effected  by  this  system, 
independently  of  what  is  accomplished  by  the  improved 
methods  recommended  for  the  generation  and  main- 
tenance of  the  temperature  and  the  density  of  the  steam 
in  the  boiler,  and  in  its  passage  to  the  engine.  To  effect 
this  process  with  increased  economy,  we  must  use  steam 
of  high  pressure ;  and  moreover,  we  must  apply  it  with  a 
sound  discretion,  not  only  as  a  principle  of  economy  as 
regards  the  consumption  of  steam,  but  also  as  a  measure 
of  safety  as  regards  the  strength  of  the  boiler  and  the 
different  organic  parts  of  the  engine  exposed  to  the  action 
of  the  steam. 

A  great  variety  of  ingenious  contrivances  have  been 
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adopted  to  effect  these  objects;  of  these  we  may  men- 
tion WoolPs  system  of  the  double  cylinder,  the  fs  cut  off" 
principle  in  the  single  cylinder,  and  other  methods  which 
have  been  more  or  less  successful. 

All  these  contrivances,  however,  tend  to  the  same  re- 
sult; and  whatever  the  mechanical  arrangement  may  be, 
the  ultimate  tendency  is  to  economise  fuel,  by  the  appli- 
cation of  a  highly  elastic  force  upon  the  piston  of  the 
reciprocating  engine  in  the  first  instance;  and  having 
overcome  the  vis  inertia  of  the  load,  to  give  the  impetus 
of  motion  immediately  as  the  piston  passes  from  a  state  of 
rest  to  a  state  of  motion  at  the  return  of  the  stroke.  In 
this  way  the  communication  between  the  boiler  and  the 
cylinder  is  cut  off  at  the  required  point,  and  the  further 
motion  of  the  piston  is  continued  by  the  force  of  the 
expanding  steam  to  the  end  of  the  stroke. 

In  this  way  the  constant  reciprocating  motion  of  the 
engine  is  continued,  and  that  with  greatly  increased 
economy  in  the  use  of  the  steam.  But  on  this  question  I 
shall  enter  more  at  large  in  the  next  Lecture. 

I  could  have  wished  to  dilate  upon  this  subject  to  a 
much  greater  extent,  but  I  have  already  occupied  so  much 
of  your  time  as  to  render  any  further  attempts  at  illus- 
tration perhaps  out  of  place.  I  have,  therefore,  in  con- 
clusion, to  ask  you  to  reflect  Upon  the  matter  I  have  laid 
before  you ;  and  I  trust  I  am  not  too  sanguine  in  enter- 
taining a  hope  that  I  have  impressed  you  with  my  own 
conviction,  that  the  diffusion  of  sound  principles  and  en- 
larged views  in  practical  science  will  not  only  be  useful  to 
ourselves  in  the  pursuit  of  our  several  avocations,  but 
advantageous  to  every  class  in  the  communities  of  which 
nations  are  composed. 
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LECTURE  VI. 

ON   STEAM   AND   STEAM   BOILERS. 

BEFORE  entering  upon  the  immediate  subject  of  this 
and  the  succeeding  Lecture,  I  trust  I  may  be  permitted 
briefly  to  allude  to  the  new  theory  of  heat  which  for  the 
last  ten  years  has  received  the  attention  of  some  of  the 
most  distinguished  philosophers  and  men  of  science  of  the 
present  day.  In  my  attempts  to  render  the  received 
opinions  of  the  nature  and  properties  of  steam  as  compre- 
hensive as  possible,  I  purposely  omitted  any  notice  of  this 
new  theory,  which  for  many  years  has  been  looked  upon 
as  an  hypothesis  yet  to  be  proved;  it  has,  however, 
through  the  experimental  researches  of  my  friend  Dr. 
Joule  and  others,  taken  its  stand  as  a  recognized  principle 
in  science;  this  principle,  as  now  understood,  bearing 
directly  upon  the  varied  conditions  of  water  in  its  solid, 
fluid,  and  gaseous  state,  cannot  be  otherwise  than  inter- 
esting to  the  philosopher  as  well  as  to  the  practical  en- 
gineer. Viewing  it  in  this  light,  it  may  not  be  inappro- 
priate to  give  you  some  account  of  its  rise  and  progress, 
as  well  as  to  direct  your  attention  to  the  prospects  which 
present  themselves  for  its  future  development  in  the  pro- 
gressive advancement  of  mechanical  science. 

The  theory  that  heat  is  not  a  ponderable  substance,  has 
been  supported  by  some  of  the  most  distinguished  men  of 
science  of  ancient  as  well  as  of  modern  times ;  but  it  was 
reserved  for  Dr.  Joule  to  prove  by  experiment,  the  definite 
evolution  of  heat  by  the  expenditure  of  mechanical  force : 
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and  he  not  only  determined  the  correlation  of  heat  and 
mechanical  effect,  but  he  ascertained  the  proportion  which 
they  bear  to  each  other  in  cases  of  mutual  conversion. 

In  his  paper  "  On  the  Heat  evolved  during  the  Elec- 
trolysis of  Water"  (see  Manchester  Memoirs,  vol.  vii. 
New  Series),  he  observes,  that  "  the  magnetic  electrical 
machine  enables  us  to  convert  mechanical  power  into  heat, 
by  means  of  the  electric  currents  which  are  induced  by 
it,"  a  proposition  experimentally  demonstrated  in  a  paper 
read  before  the  British  Association  in  the  year  1843,  in 
which  he  also  proves,  vice  versa,  that  the  mechanical  power 
of  the  electro-magnetic  engine  is  obtained  at  the  expense 
of  the  heat  due  to  the  chemical  reactions  taking  place.  In 
this  and  subsequent  papers  he  points  out  that  friction 
consists  in  the  conversion  of  mechanical  force  into  heat. 
Subsequently,  in  a  Memoir  communicated  to  the  Royal 
Society,  he  shows  that  the  heat  evolved  by  the  com- 
pression of  air  is  the  equivalent  of  the  mechanical  force 
used  in  the  compression,  and  vice  versa,  that  the  heat  ab- 
stracted by  the  expansion  of  air  on  the  removal  of  pressure 
is  the  equivalent  of  the  mechanical  force  required  to  pro- 
duce the  requisite  displacement  of  the  atmosphere ;  also 
that  when  air  is  allowed  to  expand  without  evolving  work, 
no  change  of  temperature  occurs  except  the  very  minute 
one,  anticipated  and  experimentally  demonstrated  by  Pro- 
fessor Thomson,  owing  to  the  imperfection  of  air  as  an 
elastic  fluid.  In  concluding  this  paper,  he  remarks,— 
"  The  principles  I  have  adopted  lead  to  a  theory  of  the 
steam-engine  very  different  from  the  one  generally  re- 
ceived, but  at  the  same  time  much  more  accordant  with 
facts.  From  them  we  may  infer,  that  the  steam,  while 
expanding  in  the  cylinder,  loses  heat  in  quantity  exactly 
proportional  to  the  mechanical  force  which  it  communi- 
cates by  means  of  the  piston ;  and  that  on  the  condensa- 
tion of  the  steam,  the  heat  thus  converted  into  power  is 
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not  given  back.  The  theory  here  advanced  demands  that, 
supposing  no  loss  of  heat  to  occur  from  radiation,  &c.  the 
lu  at  given  out  in  the  condenser  shall  yet  be  less  than  that 
communicated  to  the  boiler  from  the  furnace,  in  exact  pro- 
portion to  the  equivalent  of  mechanical  power  developed." 

These  views  of  Dr.  Joule  have  since  been  confirmed  by 
successive  experiments  undertaken  by  himself,  Regnault, 
Thomson,  and  others ;  and  the  dynamical  theory  has  been 
developed  by  the  labours  of  Mayer,  Helmholtz,  Clausius, 
Kankine,  and  especially  of  Thomson,  whose  profound  in- 
vestigations entitle  him  to  a  principal  share  of  the  merit 
of  establishing  the  new  theory. 

These  authorities  are  agreed  upon  the  immaterial  nature 
of  heat ;  and  nothing  can  be  more  interesting  than  the 
exactitude,  and  care  with  which  Dr.  Joule  has  pursued 
his  experimental  researches  on  this  very  interesting  and 
important  subject. 

In  stating  the  conclusions  at  which  he  arrived  as  to  the 
properties  of  heat,  and  its  effects  on  the  particles  of  matter, 
he  says,  that  the  results  from  those  experiments  were, 
that  heat  and  mechanical  power  were  convertible  into  one 
another;  and  it  became  therefore  evident  that  heat  is 
either  vis  viva  of  ponderable  particles,  or  a  state  of  attrac- 
tion or  repulsion  capable  of  generating  vis  viva. 

These  data  were  of  great  importance  in  showing  "  that 
whenever  a  current  of  electricity  is  generated  by  a  mag- 
neto-electrical machine,  the  quantity  of  heat  evolved  by 
that  current  has  a  constant  relation  to  the  power  required 
to  turn  the  machine ;  and  on  the  other  hand,  that  when- 
ever an  engine  is  worked  by  a  voltaic  battery,  the  power 
developed  is  at  the  expense  of  the  calorific  power  of  the 
battery  for  a  given  consumption  of  zinc  the  mechanical 
effect  produced  having  a  fixed  relation  to  the  heat  lost  in 
the  voltaic  circle." 

Again,  it  became  important  to  ascertain  the  exact 
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equivalent  of  heat,  and  this  was  sought  for  in  the  heat 
generated  by  the  friction  of  fluids.  In  these  experiments, 
Dr.  Joule  found,  —  first,  "  that  the  expenditure  of  a  cer- 
tain amount  of  mechanical  power  in  the  agitation  of  a 
given  fluid,  uniformly  produced  a  certain  fixed  quantity 
of  heat ;  and  secondly,  that  the  quantity  of  heat  evolved 
in  the  friction  of  fluids  was  entirely  uninfluenced  by  the 
nature  of  the  liquid  employed ;  for  water,  oil,  and  mer- 
cury (fluids  as  diverse  from  one  another  as  could  be 
well  selected)  gave  sensibly  the  same  result,  viz.  that 
the  quantity  of  heat  capable  of  raising  the  temperature  of 
a  pound  of  water  1°  is  equivalent  to  the  mechanical  power 
developed  by  a  weight  of  770  Ibs.  (since  ascertained  to  be 
772  Ibs.)  falling  through  one  perpendicular  foot" 

From  these  extracts,  it  will  be  seen  that  Dr.  Joule  has 
demonstrated,  not  only  the  production  of  heat  by  the 
friction  of  the  particles  of  various  substances,  but  he  has 
determined  experimentally  the  mechanical  effect,  and 
fixed  the  relative  proportions  which  they  bear  to  each 
other,  namely,  that  so  much  heat  as  is  sufficient  to  raise 
the  temperature  of  one  pound  of  water  1°  of  Fahrenheit, 
is  sufficient  to  raise  a  weight  of  one  pound  to  a  height  of 
772  feet.  This  is  called  "  Joule's  equivalent,"  a  discovery 
of  vast  importance  to  science,  and  one  that  may  lead  to 
important  results  and  extensive  improvements  in  the  ap- 
plication of  heat  to  steam  and  other  elastic  fluids. 

I  ought  to  apologise  for  this  long  digression,  but  the 
bearings  of  this  new  theory  in  connection  with  it^  appli- 
cation to  steam  and  force,  must  be  its  own  apology,  as  it 
leads  to  considerations  of  great  importance  relating  to 
future  improvements  in  the  application  of  steam  and  other 
elastic  fluids.  Dr.  Joule's  mechanical  equivalent  of  heat 
gives  us  the  maximum  work  which  a  unit  of  caloric  will 
perform:  now  our  very  best  steam-engines  do  not  per- 
form more  than  one-fifth  of  this  work ;  hence  we  are  led 
to  conclude  that  these  engines  still  admit  of  considerable 
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improvement.  Alre<ody  much  is  being  done  in  this  way 
by  the  use  of  steam  of  high  temperature,  as  well  as  by  the 
employment  of  super-heated  steam ;  and  it  would  argue  a 
very  contracted  view  of  mechanical  progress  to  assert,  that 
we  have  already  attained  a  maximum  result,  when,  in  fact, 
there  is  probably  no  maximum  as  regards  human  progress. 
We  are  always  learning ;  and  the  constant  developments 
and  discoveries  in  natural  science  are  sufficient  proofs  of 
the  advantages  that  have  yet  to  be  attained  in  the  pursuit 
of  knowledge,  and  more  particularly  that  kind  of  know- 
ledge which  has  for  its  object  the  opening  of  the  page  of 
nature  for  the  instruction  of  the  human  intellect.  These 
remarks,  which  have  reference  to  future  improvements 
and  progress  in  practical  science,  have  not  been  altogether 
lost  sight  of;  as  the  air-engines  of  Stirling  and  Ericsson, 
and  the  combined  steam-  and  ether-engine  of  Trembley, 
abundantly  testify  in  attempts  made  by  practical  men  to 
avail  themselves  of  the  law  of  the  convertibility  of  heat 
into  mechanical  force.  The  first  two  failed,  not  from  the 
principle  of  using  air  successively  heated,  expanded,  and 
cooled  and  compressed ;  but  from  practical  difficulties  in 
the  retention  of  the  heated  currents,  and  the  high  tem- 
perature to  which  the  material  of  the  receivers  and  the 
working  parts  of  the  er.gine  were  subjected.  The  same 
observations  will  apply  to  almost  every  description  of  air- 
engine  :  but  that  of  Trembley  is  widely  different,  as  he 
works  his  steam  at  a  comparatively  low  temperature,  and 
ether,  which  evaporates  at  a  still  lower  temperature,  can 
produce  no  injurious  effects  upon  the  organic  parts  of  the 
engine,  or  cylinders. 

The  most  successful  application  that  has  yet  been  made 
of  the  new  theory  of  the  conversion  of  heat  into  mechanical 
effect,  is  probably  the  engine  of  Siemen.  This  engine, 
which  is  designated  the  Regenerative  Engine,  deserves 
more  than  a  passing  notice.  It  is  constructed  on  nearly 
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the  same  principle  as  Stirling  and  Ericsson's  air-engine ; 
but  instead  of  using  heated  air  according  to  the  laws  of 
jMariotte  and  Gay-Lussac,  he  uses  saturated  steam  upon 
the  same  principle,  or  in  other  words,  upon  the  principle 
of  the  respirator  or  regenerator ;  wherein,  by  the  peculiar 
construction  of  the  cylinders  and  vessels  of  the  engine, 
the  steam  travels  (if  I  may  use  the  expression)  in  a  circle, 
taking  up  and  giving  out  heat  as  it  flows  out  of  one 
cylinder  into  another. 

In  Mr.  Siemen's  engine  there  are  three  cylinders,  two 
of  them  with  plungers,  and  one  with  a  piston  of  the  usual 
construction.  Under  each  of  the  plunger  cylinders,  is  a 
fire  which  raises  the  steam  as  it  enters  from  the  steam- 
cylinder  to  a  temperature  of  from  550°  to  600°  Fahrenheit* 
Part  of  this  heat  is  lost  in  mechanical  effect,  or  work  done, 
as  it  acts  upon  the  plungers  by  expansion ;  and  the  re- 
mainder of  the  heat,  or  the  greater  portion  of  it,  is  ex- 
tracted or  taken  up  by  the  respirator  or  regenerator  as  it 
passes  to  the  steam-cylinder,  when  the  additional  mecha- 
nical force  is  effected  at  a  reduced  temperature  in  the 
ordinary  way  upon  the  piston  of  the  steam-cylinder.  In 
this  way  the  steam  is  worked  over  and  over  again,  con- 
stantly receiving  and  parting  with  its  heat ;  and  thus,  by 
a  continued  series  of  convertibilities  of  ascending  and  de- 
scending temperatures,  the  work  in  foot-pounds,  as  they 
are  called,  is  produced.  It  will  not  be  necessary,  in  this 
brief  notice,  to  go  further  into  the  details  of  the  engine  or 
its  construction ;  suffice  it  to  observe,  that  it  performs  a 
very  satisfactory  duty,  and  although  far  from  perfect,  the 
results  of  repeated  trials  and  tests  show  that  there  is  a 
saving  (as  stated  by  Mr.  Siemen)  of  at  least  one-half  of 
the  fuel  used  by  the  ordinary  steam-engine  in  performing 
the  same  quantity  of  work. 

Amongst  other  improvements  of  the  present  day,  there 
still  remains  the  steam-  and  ether-engine  of  Mr.  Trembley, 
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which,  from  its  novelty  and  superior  economy  of  fuel,  is 
well  entitled  to  consideration.  This  engine  consists  of  a 
item-engine  of  the  ordinary  con-  pig  9 

Btruction,  with  a  tubular  condenser 
of  the  annexed  sectional  form. 
These  tubes  are  fixed  in  a  steam- 
tight  case,  and  instead  of  water 
surrounding  the  tubes  for  the  pur- 
pose of  condensation,  ether  or  chlo- 
roform is  substituted.  Now,  as  either  of  these  fluids  boils 
at  a  temperature  far  below  that  of  water,  the  effect  is, 
that  the  tubes,  in  place  of  being  used  as  a  condenser,  be- 
come, by  the  heated  currents  of  the  exhaust  steam  which 
flows  from  the  engine,  the  generator  of  the  vapour  of  ether 
up  as  high  as  lOlbs.  on  the  square  inch.  The  steam  in 
this  case  parts  with  its  heat  to  the  ether,  and  by  these 
means  is  condensed  nearly  to  the  temperature  of  the 
vapour  of  ether  so  formed.  The  vapour  or  steam  of  ether 
or  chloroform,  thus  produced,  gives  motion  to  the  piston 
of  a  second  and  connected  cylinder,  and  thepe  two  forces 
combined  comprise  the  power  and  economy  of  the  steam- 
and  ether-engine.  Ether,  as  well  as  chloroform,  being 
expensive,  it  becomes  absolutely  necessary  to  use  it  in 
perfectly  tight  vessels ;  and  the  greatest  economy  must  be 
observed  in  order  to  prevent  injurious  effects  as  regards 
the  health  of  the  attendants,  as  well  as  the  saving  of  the 
material. 

Several  of  those  engines  are  now  at  work  in  the  French 
Navy,  as  I  am  informed  with  good  results,  by  which  a 
considerable  saving  of  fuel  is  effected.  The  only  danger 
apprehended,  is  the  loss  sustained  in  the  condensation  of 
the  vapour,  and  the  ri*k  of  pumping  it  over  and  over 
again  in  a  continuous  stream  from  the  condenser  to  the 
generator. 

After  all,  it  becomes  a  question  well  entitled  to  con- 
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sideration,  whether  the  simple  element  of  steam  from 
water  is,  or  is  not,  the  best  for  obtaining  the  most  satis- 
factory dynamic  effect.  All  these  forces,  and  the  economy 
of  their  application,  are  within  the  steam  itself;  and  we 
have  only,  in  my  opinion,  to  render  the  heat  which  is 
latent  in  any  given  volume  sensible,  to  effect  a  greatly 
increased  economy ;  and  at  the  same  time,  by  rendering 
the  expansive  action  of  steam  sufficiently  extended,  we 
may  then  look  forward  to  a  close  approximation  of  what 
may  be  considered  theoretically  a  perfect  engine. 

Having  glanced  at  the  important  discoveries  which 
of  late  years  have  been  elicited  by  the  experiments  of 
Joule,  Thomson,  Regnault,  and  also  from  the  various 
schemes  and  projects  which  have  been  brought  forward  in 
connection  with  theories  formerly  unsupported  by  physical 
truth,  but  now  clearly  established  by  experimental  facts 
and  researches  which  I  have  brought  before  you  in  as 
concise  a  form  as  the  importance  of  the  subject  would 
admit, — and  as  all  these  are  more  or  less  connected  with 
steam  or  some  other  elastic  fluid  of  great  force,  —  our 
next  consideration  will  be  to  inquire  into  the  strength  and 
form  of  vessels  calculated  to  retain,  with  safety,  steam  of 
high  elastic  force  i  and  in  the  pursuit  of  this  inquiry  we 
shall  have  to  treat,  — 

1.  Of  the  material  used  in  the  construction  of  boilers; 
and 

2.  Of  the  distribution  of  the  material  and  form  best 
calculated  to  ensure  the  maximum  of  strength. 

Our  attempts  at  new  discoveries  and  improvements  of 
steam  at  increased  density  and  pressure  would  be  of  no 
avail,  unless  the  generators  and  receivers  were  made  of 
proportionate  strength  and  security.  To  these  points,  in 
the  remainder  of  this  and  the  succeeding  Lecture,  I  shall 
therefore  direct  your  careful  attention.  In  the  two 
lectures  which  I  gave  to  the  Yorkshire  Mechanics'  Insti- 
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tulion  in  1851,  I  went  carefully  into  the  subject  of  the 
strength  of  the  material  used,  the  best  forms,  and  the 
soundest  principle  upon  which  the  material  composing  a 
toiler  should  be  united  in  order  to  attain  a  maximum 
power  of  resistance.  I  did  not,  however,  show  in  suffi- 
cient detail  how  this  could  be  accomplished,  nor  did  I 
point  out  other  measures  of  economy  and  safety  which 
in  the  discussion  of  this  subject  appear  to  be  absolutely 
necessary  in  order  to  arrive  at  sound  practical  results. 
These  omissions  I  now  propose  to  supply;  and  before 
entering  upon  the  consideration  of  the  question,  we  shall 
briefly  review  the  various  improvements  and  conditions  of 
boiler  constructions  from  the  earliest  period  of  the  steam- 
engine  up  to  the  present  time. 

In  speaking  of  vessels  calculated  to  raise  steam,  as  a 
matter  of  course  I  mean  boilers  whatever  may  be  their 
form,  or  the  object  for  which  they  are  intended ;  and  we 
shall  therefore,  in  the  considerations  we  have  to  offe^ 
view  them  as  such,  and  that  in  accordance  with  the  above 
division  or  classification. 

1.    Of  the  material  used  in  construction. 

Until  the  days  of  Savery,  Newcomen,  and  Watt,  it 
may  with  safety  be  asserted  that  the  vessels  used  for 
boiling  —  we  cannot  call  it  steaming — were  composed  of 
a  great  variety  of  material,  such  as  copper,  earthenware, 
and  other  substances  calculated  to  resist  the  action  of  fire, 
and  to  fuse  at  a  temperature  considerably  above  that  of 
boiling  water.  At  an  earlier  period  of  our  history,  when 
the  Marquis  of  Worcester  first  attempted  the  use  of  steam 
as  a  motive  power,  the  philosophers  and  scientific  men  of 
that  day  had  very  imperfect  ideas  of  steam  or  its  pro- 
perties, as  now  understood.  Dr.  Papin,  it  is  true,  dis- 
covered a  method  of  dissolving  bones  and  other  animal 
solids  in  water  by  confining  them  in  close  vessels,  which 
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Fig.  10. 


he  called  "Digesters ;"  but  it  was  reserved  for  Dr.  Hooke, 
in  1686,  to  discover  that  water  could  not  be  made  to 
rise  above  a  certain  temperature  in  the  open  air,  and 
that  as  soon  as  it  begins  to  boil,  its  temperature  remains 
fixed,  and  an  increase  of  heat  only  produces  a  more  violent 
ebullition  and  a  more  rapid  evaporation.  Papin's  experi- 
ments at  a  later  date,  however,  made  the  elastic  force  of 
steam  in  confined  vessels  more  familiar;  and  Captain 
Savery,  availing  himself  of  this  discovery,  very  adroitly 
applied  that  power,  combined  with  condensation,  to  an 
engine  for  raising  water,  which  he  revealed  to  the  world 
in  a  book  published  in  1696,  entitled  "  The  Miner's 
Friend." 

Captain  Savery's  steam-boiler,  fig.  10,  probably  the  first 

that  was  made,  was  composed 
of  copper,  of  the  annexed  form, 
and  riveted  together  with 
rivets  of  the  same  material. 
Copper,  although  a  better  con- 
ductor of  heat  than  iron,  was, 
however,  found  to  be  an  expen- 
sive material  for  the  construc- 
tion of  boilers ;  and  it  is  not 
improbninC;  that  before  New- 
comen's  improvements  came 
into  use,  iron  plates  were  em- 
ployed in  boiler  construction. 
Cast  iron  was  also  used  about 
this  time,  but  it  was  not  until  the  great  superiority  in  the 
strength  of  malleable  iron  plates  became  more  generally 
known,  that  the  cast  iron  constructions  were  discontinued 
Cast  iron  has  now  become  obsolete,  but  copper  main- 
tains its  place,  particularly  in  situations  such  as  the 
fire-boxes  of  locomotive  boilers,  where  its  application 
is  preferable  to  that  of  iron.  Mr.  Watt  almost  from  the. 
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first  made  use  of  wrought  iron  in  the  construction  of  his 
boilers :  I  believe  they  were  at  first  made  like  those  of 
Savery,  Newcomen,  and  Beighton,  of  the  haycock  shape, 
but  the  fertile  genius  of  Watt  soon  discovered  that  the 
longitudinal  or  waggon-shape,  as  shown  in  fig.  11,  was 
preferable  to  those  designed  and  used  by  Newcomen  and 


Beighton. 


Fig.  11. 


It  is  probable  that  Watt  did  not,  in  the  midst  of  his 
many  discoveries,  pay  so  much  attention  to  the  strength 
as  to  the  heating  power  of  the  boiler.  In  fact  he  had  taken 
every  precaution  to  prevent  accident  by  his  self-feeding  and 
self-acting  apparatus  in  relieving  the  pressure  by  the 
initial  force  of  the  steam,  to  overcome  the  resistance  of  a 
column  of  water,  whenever  its  force  exceeded  the  pressure 
at  which  the  boiler  was  calculated  to  work;  and  this 
seldom  or  never  exceeded  7  or  8  Ibs.  per  square  inch 
above  that  of  the  atmosphere.  Hornblower,  Woolf,  and 
others,  who  employed  steam  at  a  higher  pressure,  had  to 
alter  the  shape  of  their  boilers,  and  adopt  the  cylindrical 
form,  with  or  without  internal  flues ;  similar  in  fact  to 
those  so  long  used  in  Cornwall  and  other  districts,  where 
steam  of  greater  density  and  pressure  was  employed. 


138  ON   STEAM  AND   STEAM   BOILERS. 

In  this  inquiry  it  may,  however,  be  necessary  to  lay 
before  you  the  relative  strength  of  the  different  material 
of  which  boilers  are  composed,  and  subsequently  to  show 
how  it  may  best  be  applied  with  economy  and  effect. 

This  is  a  consideration  of  considerable  importance  to 
every  engineer;  and  in  order  to  arrive  at  a  just  concep- 
tion as  respects  the  quality  of  the  material,  it  may  be 
desirable,  first,  to  ascertain  the  nature  of  the  strains  to 
which,  in  these  constructions,  the  material  is  exposed ; 
and  secondly,  to  determine  how  it  should  be  placed  or 
distributed  in  order  to  arrive  at  the  maximum  power  of 
resistance. 

Now,  boilers  having  internal  flues  or  tubes,  are  sub- 
jected to  two  kinds  of  strain ;  namely,  one  having  a  ten- 
dency to  tear  or  rip  up  the  outer  shell  by  tension,  and 
the  other  to  crush  or  collapse  the  internal  flues  or  tubes 
by  compression.  These  two  forces  are  continually  in 
operation  when  the  boiler  is  at  work,  and  what  we  have 
to  do  in  these  considerations,  is  to  not  only  calculate  the 
kind  of  material  to  be  employed  in  offering  resistance  to 
those  strains,  but  to  endeavour  to  place  it  in  such  form 
and  position  as  would  enable  it  to  do  so  with  a  maximum 
effect.  Wrought  iron  and  copper  plates  are  much  better 
calculated  to  resist  a  tensile  strain  than  cast  iron,  as  may 
be  seen  from  the  following  numbers,  which  represent  the 
relative  strengths  or  powers  of  resistance  of  each,  per 
square  inch,  to  tension  and  compression :  — 

The  resisting  powers  of                    Tension  in  Tons.  Compression  in  Tons. 

Wrought  iron  plates  to  -        -23        -  -        -        12 

Copper           „                           -     16  3 

Cast  iron        „                          -      8        -  .  -        -        51 

From  this,  will  at  once  be  perceived  the  great  difference 
which  exists  between  the  resistance  of  the  different  metals 
to  a  tensile  and  a  compressive  strain.  In  wrought  iron  it 
is  as  23  to  12 ;  in  copper  as  16  to  3 ;  and  in  cast  iron  as  8 
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to  51.  Now  in  these  varied  conditions  of  resistance  of  the 
different  metals,  it  is  of  incalculable  benefit  that  we  should 
know  which  of  them  is  the  most  eligible,  and  which  to 
employ  in  our  varied  constructions,  and  that  more  par- 
ticularly when  the  nature  of  the  strain  is  considered. 

To  employ  the  right  description  of  material  is  as  essential 
as  to  employ  knowledge  and  skill  in  sound  construction.  If, 
for  example,  we  were  to  place  cast  iron  in  a  position  where 
its  powers  are  to  be  tested  by  tension,  and  wrought  iron 
or  copper  where  its  powers  are  to  be  subjected  to  com- 
pression, it  would  be  a  gross  error  of  judgment ;  for  we 
know  that  wrought  iron  will  sustain  three  or  four  times 
more  force  in  its  resistance  to  direct  cohesion  than  cast  iron  ; 
and,  on  the  other  hand,  it  would  be  equally  erroneous  if 
we  were  to  employ  wrought  iron  or  copper  to  resist  com- 
pression, when  we  know  that  cast  iron  will  resist  that 
force  from  4  to  16  times  better  than  either  of  them. 

Now  all  this  knowledge  is  truly  useful,  as  it  applies 
with  considerable  force  to  the  rules  of  direct  practice,  and 
that  more  particularly  in  the  construction  of  vessels  ope- 
rated upon  by  two  distinct  forces,  which,  if  left  uncontrolled, 
would  prove  sufficiently  powerful  to  break  through  all 
bounds  of  restraint. 

In  submitting  these  facts  to  your  consideration,  I  have 
not  entered  upon  the  question  of  elongation  by  tension  or 
of  contraction  of  bulk  by  compression.  These  are  facts 
not  only  curious  and  interesting  in  themselves,  but  more 
or  less  peculiar  to  the  behaviour  of  different  kinds  of 
materials  under  strain.  We  must,  however,  leave  them 
for  the  present,  and  with  these  observations  proceed  to 
show  in  what  form,  and  in  what  way,  this  material — iron 
(as  now  generally  used)  —  should  be  distributed  in  order 
to  attain  the  greatest  possible  strength  with  the  minimum 
quantity  of  material. 
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2.    On  the  distribution  of  the  material  and  form  best 
calculated  to  ensure  the  maximum  of  strength. 

In  every  kind  of  structure  these  considerations  should 
never  be  lost  sight  of;  they  are  the  very  essence  of 
constructive  science ;  and  he  is  only  a  blunderer  who  pos- 
sesses neither  the  skill  nor  the  knowledge  to  turn  them 
to  account. 

It  is  true,  that  in  the  employment  of  a  single  ho- 
mogeneous material  these  desiderata  cannot  always  be 
obtained;  but  it  is  nevertheless  our  duty  to  consult 
the  exact  sciences  as  to  how  we  should  exercise  those 
powers,  in  order  to  meet  the  opposing  forces  equably 
and  with  uniform  powers  of  resistance  on  all  sides.  It 
is  this  discrimination  which  constitutes  the  difference 
between  a  man  versed  in  practical  science,  and  one  who 
follows  no  rule  but  his  own  imperfect  conceptions,  which 
lead  to  error ;  or  gives  up  his  judgment  to  others,  and 
descends  to  the  position  of  a  mere  copyist. 

I  have  already  shown  what  was  the  state  of  our  know- 
ledge, and  what  were  the  forms  of  vessels  containing  steam, 
in  the  early  stages  of  the  history  of  the  steam-engine ;  and 
I  now  come  to  explain  to  you  the  various  forms  and  con- 
ditions in  which  these  vessels  have  been  constructed  from 
that  period  up  to  the  present  time;  and  in  order  to 
accomplish  this  object  in  a  satisfactory  manner,  I  shall 
treat  the  matter  somewhat  historically  in  the  first  instance, 
and  then  I  shall  urge  upon  your  attention  the  necessity  of 
adhering  to  those  experimental  facts,  or  rather  to  those 
unerring  laws,  which  nature  prescribes  for  our  guidance, 
and  which  never  fail  to  lead  to  sound  results. 

The  discoveries  of  Watt, — who  made  the  steam-engine 
what  it  now  is, — who  effected  condensation  in  a  separate 
vessel,  and  who  added  to  the  force  of  the  steam  a  pressure 
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nearly  equal  to  that  of  the  atmosphere, — are  on  record 
for  our  guidance.  These  discoveries  rendered  steam  of 
high  density  at  that  time  unnecessary,  when  the  forces 
required  could  be  obtained  without  risk  or  danger  of 
rupture  to  the  generator  or  boiler  containing  the  steam; 
and  although  this  system  of  working  at  comparatively  low 
pressure  continued  for  many  years,  it  was  nevertheless 
accompanied  with  considerable  cost,  when  compared  with 
the  cost  of  working  steam  of  greater  density  and  pressure 
such  as  is  now  in  use.  Indeed,  the  wants  and  necessities 
of  the  public  were  not  so  great  at  that  time ;  but  as  the 
operations  of  mines  and  manufactories  advanced,  they 
gradually  created  new  demands ;  and  as  increased  power 
was  required,  it  was  found  that  the  increase  of  pressure 
was  the  most  direct  and  the  easiest  way  of  obtaining  it.  It 
was  also  found,  that  in  pumping  from  deep  mines  where 
large  masses  of  matter  such  as  pumps  and  pump  rods 
had  to  reciprocate  and  to  be  removed  from  a  state  of  rest 
to  a  state  of  motion,  high  steam,  worked  expansively,  was 
the  cheapest  and  most  effective  mode  of  overcoming  the 
vis  inertia  of  the  mass,  and  of  giving  the  first  impulse  t  y 
the  resistance  of  the  load.  It  was  this  consideration  which 
first  induced  the  Cornish  miners  to  work  with  high-pressure 
steam,  and  hence  followed  the  necessity  of  employing  boilers 
of  improved  form  and  of  greater  strength.  It  must  be  borne 
in  mind,  that,  before  the  use  of  high-pressure  steam,  the 
calculation  of  strength  was  not  a  subject  of  so  much  im- 
portance as  form,  and  this  did  not  escape  the  far-seeing  and 
consummate  skill  of  Watt.  His  boiler  (the  waggon-shape 
fig.  11)  had  reference  to  a  large  heating  surface,  and  those 
parts,  such  as  the  sides  and  ends,  that  were  liable  to  bulge 
outwards,  were  held  together  by  iron  stay-rods  transversely 
and  longitudinally  attached  to  the  sides  and  ends.  This 
form  is,  however,  very  objectionable  for  high-pressure 
steam ;  and  although  it  kept  its  ground  for  more  than 
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half  a  century,  it  had  nevertheless  at  last  to  give  way  to  a 
stronger  form  and  a  much  better  system  of  construction. 

The  low-pressure  condensing-engine  of  Watt,  was  uni- 
versally in  use  from  the  beginning  of  this  century  up  to 
nearly  the  present  time.  On  the  continent  and  in  Corn- 
wall, where  fuel  was  expensive,  the  question  of  economy 
and  effect  was  freely  and  energetically  discussed,  and  at 
an  early  period  of  the  history  of  the  steam-engine  the 
system  of  high-pressure  steam,  worked  expansively,  was  not 
lost  sight  of.  Woolf's  plan  of  the  double  cylinder,  and  Mr. 
Watt  and  Mr.  Murdoch's  system  of  obtaining  the  same 
results  by  cutting  off  the  steam  in  the  single  cylinder,  were 
in  mining  operations  found  highly  advantageous.  Both 
methods  were  adopted  in  the  mining  districts ;  but  in  the 
seat  of  the  manufactories  there  was  'less  inducement  to 
change,  and  it  is  only  within  a  period  of  ten  or  twelve 
years,  owing  to  the  increase  of  manufactures  and  the 
corresponding  increase  in  the  price  of  coal,  that  the  saving 
consequent  upon  the  use  of  high-pressure  steam  was  ap- 
preciated. In  America  and  the  continent  of  Europe, 
things  were  different ;  and  in  order  to  save  the  expense 
of  fuel  at  a  high  rate  of  cost,  the  system  of  Woolf  with 
high  and  low  pressure  cylinders  was  adopted,  with  a  saving 
amounting  in  some  cases  to  upwards  of  30  per  cent.  This 
saving  was  of  great  value,  and  notwithstanding  the  in- 
creased risk  of  failure  in  the  boilers,  this  circumstance  did 
not  deter  the  proprietors  of  steam-engines  from  availing 
themselves  of  the  advantages  which  this  improved  system 
of  working  high-pressure  steam  evidently  presented. 

I  remember,  many  years  ago,  when  urging  upon  the 
public  the  advantages  of  working  high-pressure  steam  ex- 
pansively, that  I  was  met  by  an  outcry  of  danger,  bursting 
boilers,  &c. ;  and  many  went  so  far  as  to  maintain  that  there 
was  no  saving  in  the  high-pressure  system.  To  meet  these 
assertions,  I  published,  at  different  times,  the  views  I 
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rtained  upon  the  subject;  and  in  these  publications,  I 
endeavoured  to  prove  by  actual  calculation  that  there  was 
not  only  a  very  considerable  saving  in  the  consumption  of 
fiu-1  effected,  but  a  great  increase  of  power  was  obtained. 
1 1  is  true,  that  objections  were  taken  against  the  single 
;ne  working  expansively  on  the  score  of  irregularity  of 
motion;  and  it  is  equally  true,  that  the  double-cylinder 
engine  is  preferable  in  that  respect ;  but  it  is  a  mistake  to 
suppose  that  any  saving  of  fuel  is  accomplished  by  the 
doable-cylinder  engine  over  that  of  the  single  one,  when 
the  two  are  worked  at  the  same  rate  of  expansion  and  the 
same  pressure  of  steam.  All  the  difference  is,  that  a  want 
of  uniformity  is  observable  in  the  single  engine,  owing  to 
the  sudden  reduction  of  the  pressure  when  the  steam  is 
cut  off;  whereas  that  of  the  double  cylinder  expands  more 
gradually ,  and  thus  effects  a  greater  degree  of  uniformity 
of  action  upon  the  piston.  These  irregularities  in  the 
single  engine  are  however  of  much  less  importance  than 
most  persons  imagine,  as  the  evil  is  easily  remedied  by 
increasing  the  weight  of  the  fly-wheel,  or  what  is  the 
same  thing,  by  increasing  the  velocity  of  the  engine  till 
such  time  as  the  fly-wheel  acquires  the  ascendant  over  the 
changes  of  pressure  upon  the  piston,  or  when  the  irregu- 
larities of  the  stroke  become  neutralised  by  velocity  in 
place  of  weight.  When  two  engines  are  worked  together 
at  right  angles,  these  discrepancies  disappear,  and  the 
engines  under  such  circumstances  may  be  worked  with 
perfect  safety  through  the  whole  range  of  expansive  ac- 
tion. It  is  for  these  reasons,  and  a  strong  desire  to  intro- 
duce simplicity  into  every  mechanical  construction,  that 
I  advocate  the  single  engine.  It  is  less  expensive,  as 
efficacious,  and  in  every  respect  equally,  if  not  more, 
economical  than  that  of  a  machine  of  greater  complexity 
of  construction. 

With  all  these  facts  before  us,  and  taking  into  conside- 
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ration  the  superior  economy  of  high-pressure  steam,  worked 
expansively,  it  is  quite  evident,  that  in  all  future  construc- 
tions, either  of  boilers  or  engines,  we  must  look  forward  to 
the  use  of  a  greatly  increased,  instead  of  a  reduced  pressure 
of  steam.  Indeed,  I  am  so  thoroughly  convinced  of  the 
advantages  inseparable  from  this  application,  as  to  urge 
upon  you  the  necessity  of  preparing  for  greatly  increased 
progress,  from  greatly  increased  pressure  in  all  the  require- 
ments, appliances  and  economics  of  steam  as  a  motive 
power.  It  must  appear  obvious  to  every  reflecting  mind, 
that  steam  generated  under  pressure,  and  compressed  into 
one-fifth  or  one-sixth  the  space  that  it  formerly  occupied, 
and  that  again  applied  to  an  engine  of  little  more  than 
one-third  the  bulk,  must  be  a  desideratum  in  the  appliance 
of  an  agent  so  powerful,  and  so  extensively  used.  Look 
at  our  locomotives  of  the  present  day,  and  tell  me  whether 
we  are,  or  are  not  successfully  progressing  in  effecting  a 
closer  alliance  between  the  two  sister  sciences  of  mechanics 
and  physics  ;  and  tell  me  whether  or  not  the  community 
is  not  as  well  secured  from  risk,  and  greatly  benefited 
by  the  change  ?  Let  us  calculate,  for  example,  the  duty 
performed,  and  the  force  applied  to  one  of  our  largest 
class  of  locomotive  engines  travelling  with  a  train  at  the 
rate  of  45  miles  an  hour,  and  we  shall  find  the  amount  of 
power  given  out  to  exceed  that  of  700  horses,  or  as  much 
as  would  be  required  to  drive  the  machinery  in  some  of 
our  largest  factories.  And  why  not  work  our  factories 
upon  this  principle  ?  and  why  not  propel  our  largest  ships 
by  engines  of  this  description  ?  There  is  no  reason  why 
it  should  not  be  done,  and  that  with  greatly  increased 
economy,  by  introducing  a  well-directed  system  of  con- 
densation along  with  that  of  highly  attenuated  steam. 

I  give  you  these  impressions  from  a  conviction  of  their 
utility  ;  and  I  am  persuaded  the  time  is  not  far  distant 
when  this  will  be  accomplished  to  a  much  greater  extent 
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than  may  at  present  be  considered  possible  or  safe ;  and 
the  time  is  fast  approaching,  when  we  shall  lessen  our 
space  and  double  our  power  with  increased  economy  and 
effect. 

How  very  essential  is  it,  therefore,  that  we  should 
look  forward,  and  make  the  requisite  preparations  for 
these  requirements!  and  the  more  effectually  to  meet 
them,  let  us  see  how  we  are  to  unite  and  distribute 
our  material,  so  as  to  ensure  safety  in  retaining  for  use 
such  a  powerful  and  active  agent  as  that  which  we  have 
described,  and  moreover,  which  we  shall  assuredly  have 
to  deal  with,  at  ho  very  distant  period,  at  greatly  in- 

ased  density  and  power. 

I  have  already  demonstrated,  in  a  former  communica- 
tion, that  the  cylindrical  is  the  most  eligible  and  the 
strongest  form  in  which  we  can  place  the  material,  such 
as  iron  plates,  to  resist  internal  pressure  ;  and  I  have  fur- 
ther shown  that  we  must  make  considerable  reductions 
in  the  strength  of  the  material,  on  account  of  the  riveted 
joints  and  the  position  which  the  plates  may  have  in  rela- 
tion to  the  respective  junctions  of  the  parts. 

The  reduction  or  loss  of  strength  in  this  alone  is  about 
30  per  cent,  for  the  double  riveted  joints,  and  44  per 
cent,  for  the  single  riveted  joint ;  the  strengths  (calling 
the  plates  100)  being  in  the  ratio  of  100  :  70  and  56. 
I  n  our  calculations  of  ultimate  strengths,  we  must  there- 
fore make  these  allowances  in  order  to  arrive  at  correct 
results.* 

As  respects  form,  it  has  already  been  proved  that  the 
cylindrical  and  hemispherical  forms  (or  those  forms  by 
which  nature  is  governed  in  all  her  constructions  relative 
to  pressure)  are  the  best ;  and  it  will  be  necessary  only  to 

*  In  a  previous  investigation,  I  found  that  34,000  Ibs.  to  the  square  inch 
was  the  ultimate  strength  of  boilers  having  their  joints  crossed  and  soundly 
riveted.  On  further  inquiry,  I  see  no  reason  to  change  this  opinion,  as  it 
has  been  fully  confirmed  by  subsequent  experience. 
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observe  what  has  already  been  forcibly  urged  upon  your 
attention,  namely,  to  avoid,  under  certain  conditions,  flat 
surfaces,  and  to  adopt  the  spherical  or  cylindrical  forms 
wherever  and  under  whatever  conditions  they  are  admissible. 
This  cannot,  however,  at  all  times  be  accomplished ; 
and  that  flat  surfaces  should  be  made  to  resist  severe 
pressure,  is  not  unfrequently  an  essential  point  in  con- 
struction. Now  these  flat  surfaces  are  not  so  very 
objectionable  on  the  score  of  strength  as  they  appear 
to  be  at  first  sight.  On  the  contrary,  they  are,  when 
properly  stayed,  the  strongest  part  of  the  construction ; 
and  this  I  have  proved  by  direct  experiment,  the  results 
of  which  I  will  take  the  liberty  to  quote  for  your  infor- 
mation, as  given  in  a  paper  read  before  the  British 
Association  for  the  Advancement  of  Science.  With 
respect  to  the  locomotive  boiler,  it  is  observed  that 
"  the  statements  contained  in  the  earlier  part  of  this 
paper  regarding  the  strength  of  the  stays  of  the  fire- 
box would  have  been  incomplete  if  we  had  not  put  those 
parts  of  a  locomotive  boiler,  comprised  in  the  flat  surfaces 
or  sides  of  a  fire-box,  to  the  test  of  experiment.  This 
was  done  with  more  than  usual  care ;  and  in  order  to 
attain  conclusive  results,  two  thin  boxes,  each  22  inches 
square  and  3  inches  deep,  were  constructed ;  the  one 
corresponding  in  every  respect  to  the  sides  of  the  fire- 
box, distance  of  the  stays,  &c.,  the  same  as  those  which 
composed  the  exploded  boiler ;  and  the  other  formed  of 
the  same  thickness  of  plates,  but  different  in  the  mode 
of  staying,  which  in  place  of  being  in  squares  of  5  inches 
asunder,  as  those  contained  in  the  boiler  which  burst, 
were  inserted  in  squares  of  4  inches  asunder.  In  fact, 
they  were  formed  after  the  manner  shown  in  the  annexed 
sketches  (figs.  12  and  13),  the  first  containing  16  squares 
of  25  inches  area,  representing  the  exploded  boiler,  or 
old  construction ;  and  the  other  with  25  squares  of  16 
inches  area,  representing  the  new  construction. 


Fig.  12. 
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To  the  flat  boxes  thus  constructed,  the  same  lever, 
valve,  and  weight  were  attached  as  used  in  the  previous 
experiments ;  and  having  applied  the  pumps  of  an  hydrau- 
lic press,  the  following  results  were  obtained :  — 

TABLE  I. 

Experiment  1st.  —  To  determine  the  ultimate  Strength 
of  the  Flat  Surfaces  of  Locomotive  Boilers  when 
divided  into  squares  of  25  inches  area.* 


Number  of 
Experiments. 

Pressure  in 
Pounds  per 
Square  Inch. 

Swelling  of 
the  Sides  in 
Inches. 

Number  of 
Experiments. 

Pressure  in 
Pounds  per 
Square  Inch. 

Swelling  of 
the  Sides  in 
Inches. 

1. 

245 

+ 

11. 

545 

•05 

2. 

275 

+ 

12. 

575 

•05 

3. 

305 

+ 

13. 

605 

•06 

4. 

335 

+ 

14. 

635 

•06 

5. 

365 

+ 

15. 

665 

•06 

6. 

395 

+ 

16. 

695 

•07 

7. 

425 

+ 

17. 

725 

•07 

8. 

455 

•03 

18. 

755 

•07 

9. 

485 

•03 

19. 

785 

•08 

10. 

515 

•04 

20. 

815 

•"" 

REMARKS. — The  box  represented  a  portion  of  the  flat  surface  of  the 
side  of  the  fire-box  of  a  locomotive  boiler,  and  was  composed  of  a  copper 
plate,  on  one  side,  half  an  inch  thick,  and  an  iron  plate  on  the  other 
three-eighths  of  an  inch  thick,  being  the  same  in  every  respect  as  the  boiler 
which  exploded,  and  according  to  the  dimensions  exhibited  in  the  drawings, 
fig.  12. 

Burst  by  drawing  the  head  of  one  of  the  stays  through  the  copper, 
which  from  its  ductility  offered  less  resistance  to  pressure  in  that  part 
where  the  stay  was  inserted. 

The  above  experiments  are  at  once  conclusive  as 
to  the  superior  strength  of  the  flat  surfaces  of  a  loco- 
motive fire-box,  as  compared  with  the  top  of  even 
the  cylindrical  part  of  the  boiler ;  but  taking  the  next 

*  These  and  the  following  Tables  arc  taken  from  Appendix  No.  II.,  in 
order  to  enable  the  reader  to  consult  them  with  greater  facility. 
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experiment,  where  the  stays  are  closer  together,  or  where 
the  areas  of  the  spaces  are  only  16  instead  of  25  square 
inches,  we  have  an  enormous  resisting  power ;  a  force 
much  greater  than  anything  that  can  possibly  be  attained, 
however  good  the  construction,  in  any  other  part  of 
the  boiler. 

TABLE  II. 

Experiment  2nd. — To  determine  the  ultimate  Strength 
of  the  Flat  Surfaces  of  Locomotive  Boilers  when 
divided  into  squares  of  16  inches  area. 


Number  of 
Experiments. 

Pressure  in 
Pounds  per 
Square  Inch. 

Swelling  of 
the  Sides  in 
Inches. 

Number  of 
Experiments 

Pressure  in 
Pounds  per 
Square  Inch. 

Swellingof 
the  Sides  in 
Inches. 

1. 

245 

25. 

965 

•09 

2. 

275 

26. 

995 

— 

3. 

305 

27. 

1025 

— 

4. 

335 

28. 

1055 

— 

5. 

365 

29. 

1085 

__ 

6. 

395 

30. 

1115 

— 

7. 

425 

31: 

1145 

— 

8. 

455 

32. 

1175 

— 

9. 

485 

33. 

1205 

— 

10. 

515 

•04 

34. 

1235 

— 

11. 

545 

•04 

35. 

1265 

— 

12. 

575 

•04 

36. 

1295 

•09 

13. 

605 

•06 

37. 

1325 

•09 

14. 

635 

•06 

38. 

1355 

•10 

15. 

665 

•07 

39. 

1385 

•11 

16. 

695 

•07 

40. 

1415 

•11 

17. 

725 

•07 

41. 

1445 

•12 

18. 

755 

•08 

42. 

1475 

•13 

19. 

785 

•08 

43. 

1595 

•14 

20. 

815 

•08 

44. 

1535 

•16 

21. 

845 

•08 

45. 

1565 

•22 

22. 

875 

•08 

46. 

1595 

•34 

23. 

905 

•08 

47. 

1625 

_ 

24. 

935 

•08 

REMARKS. — The  flat  box  on  which  these  experiments  were  made,  has 
the  same  thickness  of  plates  as  that  experimented  upon  in  the  preceding 
Table,  viz.  one  side  of  copper  half  an  inch  thick,  and  the  other  of  iron 
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three-eighths  thick.  The  only  difference  between  the  two  is  the  distance  of 
the  stays,  the  first  being  in  squares  of  25  inches  area,  and  the  other  in 
squares  of  16  inches  area. 

From  995  to  1295  Ibs.,  the  increase  of  the  swelling  or  bulge  on  the  side 
was  inappreciable. 

Failed  by  one  of  the  stays  drawing  through  the  iron  plate  after  sustaining 
the  pressure  upwards  of  1^  minute. 

In  the  above  experiments,  it  will  be  observed  that 
the  weakest  part  of  the  box  was  not  in  the  copper,  but  in 
the  iron  plates,  which  gave  way  by  stripping  or  tearing 
asunder  the  threads  or  screws  in  part  of  the  iron  plate  at 
the  end  of  the  stay  marked  a,  fig.  13. 

The  mathematical  theory  would  lead  us  to  expect 
that  the  strength  of  the  plates  would  be  inversely  as  the 
surfaces  between  the  stays  ;  but  a  comparison  of  the 
results  of  these  experiments  shows  that  the  strength  de- 
creases in  a  higher  ratio  than  the  increase  of  space  between 
the  stays.  Thus,  according  to  the  mathematical  theory, 
we  should  have  — 

Ult.  strength  2nd  plate  per  sq.  in. 

=  strength  1st  plate  x  fj- 


=  1273  Ibs. 

Now  this  plate  sustained  1625  Ibs.  per  square  inch,  show- 
ing an  excess  of  about  one-fourth  above  that  indicated  by 
the  law. 

This  is  an  excess  of  the  force  required  to  strip  the 
screw  of  a  stay  -j^ths  of  an  inch  in  diameter,  such  as 
those  which  formed  the  support  of  the  flat  surfaces  in  the 
exploded  boiler. 

It  will  be  found  that  a  close  analogy  exists  through- 
out the  whole  experiments,  as  respects  the  strengths  of 
the  stays  when  screwed  into  the  plates,  whether  of  copper 
or  iron  ;  and  that  the  riveting  of  the  ends  of  the  stays 
adds  to  their  retaining  powers  an  increased  strength  of 
nearly  14  per  cent,  to  that  which  the  simple  screw  affords. 
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The  difference  between  a  fire-box  stay  when  simply 
screwed  into  the  plate  and  when  riveted  at  the  ends  is 
therefore  in  the  ratio  of  100  :  114,  nearly  the  same  as 
shown  by  experiments  in  the  Appendix. 

It  is  desirable  that  we  should  determine,  by  mathema- 
tical investigation,  the  strain  exerted  on  each  stay  or  bolt 
of  the  fire-box. 

Let  A,  B,  C,  D,  E,  F  represent  the  ends  of  the 
bolts  or  stays ;  O,,  O2,  O3,  O4  the  centres  of  the  squares 
formed  by  the  bolts.  Suppose  a  pres-  Fig.  u. 

sure  to  be  applied  at  each  of  the  points      r>         O         O 
Op  Oa,  O3,  O4,  equal  to  the  whole  0  0 

pressure  on  each  of  the  squares,  then  *          4 

the  central  bolt  A  will  sustain  one-    H(^         $ 
fourth  of  the  pressure  applied  at  O15  *°2        *°j. 

also  one-fourth  of  the  pressure  ap-       O         O 
plied  at  O2,  and  so  on ;  so  that  the 
whole  pressure  on  A  will  be  equal  to  the  pressure  applied 
to  one  of  the  square  surfaces.     Hence  we  have — 

Strain  on  the  stay  of  Table  I.  =  ~  ~x  —  =  9  tons. 
Strain  on  the  stay  of  Table  II.  =16ff  *  —  =Ilj  tons. 

The  stay  in  the  latter  case  was  ^fths  of  an  inch  in 
diameter;  hence  the  strain  upon  one  square  section 
would  be  about  13  tons,  which  is  considerably  within 
the  limits  of  rupture  of  wrought  iron  under  a  tensile 
force.* 

In  the  experiments  here  referred  to,  it  must  be  borne 
in  mind  that  they  were  made  on  plates  and  stays  at  a 
temperature  not  exceeding  50°  of  Fahrenheit ;  and  the 
question  naturally  occurs,  as  to  what  would  be  the  differ- 

*  For  the  remainder  of  the  experiments  see  Appendix  No.  IL 
L  4 
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ence  of  strength  under  the  influence  of  a  greatly  increased 
temperature  in  the  water  surrounding  the  fire-box,  and 
that  of  the  incandescent  fuel  acting  upon  the  opposite 
surface  of  the  plates. 

This  is  a  question  not  easily  answered,  as  we  have  no 
experimental  facts  sufficiently  accurate  to  refer  to ;  and 
the  difference  of  temperature  of  the  furnace  on  one  side, 
as  compared  with  that  of  the  water  on  the  other,  increases 
the  difficulty,  and  renders  any  investigation  exceedingly 
unsatisfactory.  Judging,  however,  from  practical  expe- 
rience and  observation,  I  am  inclined  to  think  that  the 
strengths  of  the  metals  are  not  much  deteriorated.  My 
experiments  on  the  effects  of  temperature  on  cast  iron*  do 
not  indicate  much  loss  of  strength  up  to  a  temperature  of 
600°.  Assuming  therefore  that  copper  and  wrought  iron 
plates  follow  the  same  law,  and  taking  into  account  the 
rapid  conducting  powers  of  the  former,  we  may  reasonably 
conclude  that  the  resisting  powers  of  the  plates  and  stays 
of  locomotive  boilers  are  not  seriously  affected  by  the 
increased  temperature  to  which  they  are  subjected  in  a 
regular  course  of  working.  This  part  of  the  subject  is, 
however,  entitled  to  further  consideration;  and  I  trust 
that  some  of  our  able  and  intelligent  superintendents  will 
institute  further  inquiries  into  a  question  which  involves 
considerations  of  some  importance  to  the  public,  as  well 
as  to  the  advancement  of  our  knowledge  in  practical 
science. 

After  these  results,  and  the  investigations  given 
previously  on  the  form  and  strength  of  Boilers,  it 
will  not  be  necessary  to  pursue  this  part  of  the  subject 
further  than  to  observe,  that  in  every  construction  of 
vessel  calculated  to  generate  steam  of  high  elastic  force, 

*  Vide  Transactions  of  the  British  Association  for  the  Advancement  of 
Science,  voL  TL  p.  486. 
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we  should  preserve  a  large  margin  of  strength  as  regards 
the  working  pressure  and  the  ultimate  power  of  resistance, 
times  the  working  pressure  is  not  too  much  to  pro- 
vide for  contingencies,  and  vessels  so  constructed  are 
better  calculated  to  avert  danger  from  explosion  than 
those  whose  powers  of  resistance  verge  upon  that  of  the 
bursting  pressure. 
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last  I  had  the  honour  of  addressing  you,  it  was 
upon  the  strength  and  form  of  vessels  calculated  to  hold 
steam  of  high  elastic  force,  and  in  these  inquiries  I 
endeavoured  to  show  the  necessity  of  attending  to  two 
things :  — 

1st.  The  material. 

2nd.  Its  distribution,  and  the  form  in  which  it  should 
be  applied  to  effect  the  greatest  power  of  resistance. 

In  consideration  of  these  subjects,  I  had  reference  to 
vessels  subjected  to  internal  pressure,  having  a  tendency 
to  force  the  vessel  open,  or  to  tear  the  parts  asunder. 
This  force  or  tendency  to  rupture  from  a  tensile  strain  is 
probably  the  most  common  to  which  boilers  are  subjected ; 
but  we  have  other  forces  to  guard  against,  such  as  that 
which  arises  from  collapse,  which,  I  regret  to  say,  has  not 
in  some  constructions  received  the  attention  which  the 
importance  of  the  subject  demands. 

It  is  well  known  to  every  person  at  all  conversant  with 
the  construction  of  the  steam-engine,  that  a  very  con- 
siderable proportion  of  our  boilers  have  internal  flues, 
some  of  them  of  large  diameter;  and  these,  being  sur- 
rounded by  water,  are  compressed  in  every  direction 
with  the  same  force  as  the  steam  which  acts  upon  its 
surface. 

Now,  it  is  evident  that  an  internal  flue,  such  as  we 
have  described,  unless  it  is  made  perfectly  cylindrical,  is 
liable  to  lose  its  shape,  and  to  become  a  flattened  instead 
of  an  arched  or  cylindrical  surface.  Whenever  this  takes 
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place  its  power  of  resistance  is  very  seriously  reduced ;  and 
unless  the  utmost  care  and  attention  be  observed,  collapse 
with  all  its  attendant  calamities  is  sure  to  be  the  result. 

The  thickness  of  plates,  the  diameter  of  the  tubes,  and 
the  position  as  well  as  the  form  of  the  flues,  are  all  points 
of  consideration;  but  unfortunately  we  have  no  precise 
data  on  which  to  establish  formulae  for  calculating  the 
strengths  of  those  parts ;  and  in  the  present  state  of  our 
knowledge  we  are  left  to  guess  at  the  strengths  and  the 
capabilities  of  sustaining  resistance  in  those  positions  to 
which  we  have  referred.  It  is  more  than  probable  that 
the  strengths  will  be  for  the  same  thickness  of  plates  as 
the  diameters ;  but  we  are  entirely  at  a  loss  to  determine 
what  diameter  of  flue  and  what  thickness  of  plates  may  be 
necessary  to  give  uniformity  of  strength  in  every  part  of 
a  boiler  so  constructed.  In  the  absence  of  these  data,  I 
must  reserve  the  investigation  of  the  question  till  I  have 
an  opportunity  of  establishing  by  actual  experiment  the 
laws  of  resistance  to  collapse  under  different  forms  of 
construction.  As  soon  as  those  facts  have  been  ascer- 
tained, we  shall  then  be  able  to  effect  constructions  on 
principles  calculated  to  ensure  uniformity  of  strength 
under  the  combined  forces  of  tension  and  compression. 
In  the  meantime,  I  shall  avail  myself  of  a  Table  of 
strengths  showing  the  safe  working-pressure  and  ultimate 
powers  of  resistance  in  boilers  of  different  dimensions.* 

This  Table  is  computed  from  my  own  experiments  on 
the  strength  of  iron  plates,  and  is  introduced  to  the  public 
with  the  following  observations  by  Mr.  Cowburn :  — 

"  It  has  been  found  by  actual  experiment  that  good 
English  forged  iron  will  bear  a  strain  of  25  tons  to  the 
square  inch,  that  is,  a  bar  of  1  inch  square,  or  a  plate  of 

*  These  remarks,  true,  when  originally  written,  no  longer  apply.  The 
data  required  have  been  determined,  and  will  be  found  in  this  edition  at 
page  44. 
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wrought  iron  containing  1  inch  of  sectional  area,  will  re- 
quire 25  tons,  or  56,000 Ibs.,  to  wrench  it  asunder;  but 
Mr.  Fairbairn  states,  that, '  plates  when  riveted  together 
are  reduced  in  strength  from  the  fact  that  nearly  one-third 
of  the  material  is  punched  out  for  the  reception  of  the 
rivets,'  and  therefore  he  takes  34,000  Ibs.  as  equal  to  the 
strength  of  riveted  plates  containing  1  inch  of  sectional 
area.  The  following  Tables  are  deduced  from  the  as- 
sumption that  34,000  Ibs.  per  square  inch  is  the  tensile 


Diameters 
of  boilers. 

Working-pressure 
for  f  th-inch  plates. 

Bursting-pressure 
for  f  th-inch  plates. 

Working-pressure 
for  4-inch  plates. 

Bursting-pressure 
for  4-inch  plates. 

Feet.     in. 

Pounds. 

Pounds. 

Pounds. 

Pounds. 

3        0 

118 

708± 

157; 

944-1- 

3       3 

109 

653} 

145 

871 

3       6 

101 

607 

134^ 

809- 

3       9 

94; 

566* 

125' 

755, 

4       0 

88, 

531 

118 

708; 

4       3 

83\ 

500 

111 

666; 

4       6 

78; 

472 

104; 

629J 

4       9 

74, 

447} 

99; 

596- 

5       0 

70; 

425 

94; 

56* 

5       3 

67; 

404} 

89: 

539; 

5       6 

64; 

3864 

85: 

515 

5       9 

61, 

369} 

82 

492} 

6       0 

59 

354 

78} 

472 

6       3 

56; 

340 

75} 

453 

6       6 

54; 

326? 

72j 

435 

6       9 

52; 

314} 

69} 

419 

7       0 

50, 

303} 

67} 

404 

7       3 

48; 

293 

65 

396 

7       6 
7       9 

47 

283$ 
274 

62? 
60} 

377 
365 

8       0 

44 

265} 

59 

354 

8       3 
8       6 

42* 

41} 

257} 
250 

57 

55* 

343} 
333} 

Pule  for  \th-inch  Plate*. — Divide  4250  by  the  diameter  of  the  boiler  in 
inches,  the  quotient  is  the  working-pressure,  being  one-sixth  the  strength 
of  the  joints. 

Rule  for  \-inch  Plate**—  Divide  5666*6  by  the  diameter  of  the  boiler  in 
inches,  and  the  quotient  will  be  the  greatest  pressure  that  the  boiler  should 
work  at  when  new,  that  is,  at  one-sixth  the  actual  strength  of  the  punched 
iron. 
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resistance  of  wrought  iron  plates.  The  Tables  show  at  a 
•rlance  what  different  diameters  and  thicknesses  of  plates 
are  required  for  a  safe  working  pressure,  viz.,  one- sixth 
of  their  actual  strength,  when  made  of  good  material  and 
workmanship.  It  should  be  observed,  that  the  ends,  if 
properly  made  and  stayed,  have  only  half  the  pressure 
exerted  upon  them  that  the  diameter  has,  so  that  they 
have  only  to  resist  one-twelfth  of  their  strength." 

Having  supplied  sufficient  data  in  connection  with 
construction,  we  now  proceed  to  the  consideration  of 
other  circumstances  closely  allied  to  those  of  security 
and  economy.  In  pursuing  these  inquiries,  it  will,  how- 
ever, be  necessary  for  us  to  follow  the  same  consecutive 
system  that  we  have  adopted  on  former  occasions,  that 
is,  by  dividing  the  subject  into  sections  as  follows :  — 

1.  On  the  proportion,  or  relative  value  of  the  surfaces 
of  the  furnace  to  the  absorbent  surfaces  as  the  recipients 
of  heat. 

2.  On  the  safety  valves  and  other  adjuncts  calculated 
to  ensure  safety. 

3.  On  high-pressure  steam  worked  expansively. 

4.  On  management. 

1.  On  the  proportion,  or  relative  value  of  the  surfaces  of 
the  furnace  to  the  absorbent  surfaces  as  the  recipients  of 
heat. 

I  have  to  observe  that,  on  this  question,  there  is 
diversity  of  opinion,  as  much  depends  upon  the  quality 
of  the  fuel  used,  and  the  rate  at  which  it  is  consumed. 
We  have  at  present  no  fixed  rule  for  finding  the  proper 
proportion  of  the  surface  of  the  grate-bars  to  that  of  the 
boiler  exposed  to  the  action  of  heat.  On  these  points 
a  series  of  well-conducted  experiments  are  much  wanted, 
in  order  to  determine  not  only  the  relative  proportions, 
but  also  to  ascertain  the  quantities  of  heat  absorbed  by 
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the  surfaces  surrounding  the  furnace,  and  at  different 
distances,  as  these  surfaces  recede  from  the  immediate 
source  of  heat.  On  this  subject  we  are  quite  in  the 
dark.  Every  man  on  these  points  is  his  own  doctor, 
and  the  wildest  theories  are  constantly  promulgated  for 
the  good  of  the  public,  and,  as  some  would  have  it,  for 
the  advancement  of  science. 

It  is  now  some  years  since  I  made  an  attempt  to  rectify 
these  discrepancies;  but  I  met  with  so  many  different 
forms,  and  such  widely  different  proportions,  as  almost 
induced  me  to  abandon  the  inquiry  as  a  hopeless  task. 

I  however  persevered ;  and  taking  the  mean  of  fifteen 
boilers  examined,  I  found  that  the  ratio  of  grate-bar 
surface  to  that  of  the  boiler  surface  should  be  as  1  to  1 1 
nearly.  This  ratio  varied  from  1  to  9  up  to  1  to  13, 
the  mean  being,  as  before  observed,  as  1  for  the  grate- 
bar  surface  to  1 1  for  the  recipient  surface.  This  inves- 
tigation took  place  thirteen  or  fourteen  years  ago,  before 
the  introduction  of  the  tubular  system  of  boilers. 

On  comparing  the  stationary,  multi-tubular,  marine 
and  locomotive  boilers,  we  find  the  following  ratios  of 
furnace  to  absorbent  surface :  — 

Stationary  boiler  -  .  -  -    as  1    :    1 1 

Multi-tubular  stationary  boiler       -          1    :    22 
Marine  tubular  boiler       -  1    '.    20 

Locomotive  tubular  boiler,  mean  1 
of  twelve  sorts  of  engines  J 

These  proportions,  although  differing  from  those  in 
use  by  some  engineers,  may  however  be  taken  as  ap- 
proximately correct,  and  such  as  appear  to  be  generally 
in  use  for  obtaining  the  best  results. 

I  do  not,  however,  give  these  proportions  as  conclu- 
sive ;  on  the  contrary,  I  entertain  doubts  of  their  accu- 
racy, as  the  ratios  are  founded  upon  no  fixed  law,  but 
taken  from  crude  observations;  they  can  only  be  considered 
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as  the  mean  results  of  general  practice,  which  have  yet 
to  be  confirmed  by  actual  experiment.     On  this  question 
we  must  therefore  not  be  led  astray  with  the  impression 
that  the  multi -tubular   is  either  the  best   or  the  most 
economical  in  a  commercial  point  of  view.     It  may,  or 
it  may  not  be  so ;  I  contend  for  it  more  upon  the  prin- 
ciple of  diffusion  and  a  saving  of  space  than  on  any  other 
property  it   may  possess  over  the  flue  boiler;   and  for 
this  simple  reason,  that  we  find  a  multi-tubular  stationary 
boiler,  24  feet  long  and  7  feet  diameter,  generate  as  much 
steam   as  a  flue  boiler  of  one-fourth  greater  capacity. 
It  presents  nearly  double  the  absorbent  surface,  but  it 
does  not  from  that  cause  follow  that  less  fuel  is  consumed. 
Several  competent  judges  contend  that  the  expenditure 
is  greater,  and  amongst  them  is  Mr.  C.  Wye  Williams, 
-  no  mean  authority,  —  who  maintains,  that  so  far  as 
regards  general  efficiency,  the  flue  system  is  capable  of 
supplying  all  that  is  required,  while  it  is  free  from  the 
anomalies  incidental  to  the  multi-tubular  plan.    He  states 
that  "  when  large  quantities  of  steam  are  required  for 
larger  engines,  this  can  be  best  obtained,  not  by  addi- 
tional tiers  of  tubes,  but  by  extending   the  areas  and 
length  of  run,  thus  increasing  the  number  of  units  of 
time,  distance,  and  surface  along  which  the  heat-trans- 
mitting influence  may  be  exerted."     To  prove  this,  Mr. 
AVilliams  gives  an  example  in  the  original  boilers  built 
for  the  Great  Western  Steamer,  having  been  replaced 
by  others  on  the  multi-tubular  principle;  and  although 
the  relative  proportions  of  the  heating  surfaces  were  as 
3860  to  7150  square  feet,  the   former  was   the  better 
and  more  efficient  of  the  two.* 

Now,  the  only  way  to  remove  these  doubts  and  dif- 
ferences, and  to  clear  the  question  of  all  ambiguity,  is  to 
appeal  to  experiment. 

*  See  note  to  present  edition,  p.  73. 
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This  I  hope  shortly  to  be  able  to  accomplish,  either 
by  the  aid  of  the  Royal  Society,  or  by  that  of  the 
Association  now  so  happily  formed  at  Manchester  for  the 
prevention  of  boiler  explosions. 

In  addition  to  the  relative  areas  of  fire-bar  heating 
surfaces,  we  must  bear  in  mind,  that  the  proportions  just 
given  are  those  which  appear  to  effect  the  nearest  approach 
to  a  maximum  duty  under  conditions  widely  different 
from  each  other  as  regards  the  space  occupied  and  the 
principle  upon  which  the  steam  is  generated  and  main- 
tained. 

Time  is  an  element  which  cannot  be  neglected  in  the 
combustion  of  a  certain  quantity  of  fuel,  and  hence  we 
have,  three  different  processes  in  operation  which  require 
attentive  consideration,  and  these  three  are  sloio,  active, 
and  what  I  shall  take  the  liberty  of  calling  excited  com- 
bustion. Now  the  first  of  these  is  practised  upon  a  large 
scale  in  Cornwall,  where  the  draught  is  kept  down  by 
the  damper,  and  the  heated  currents  make  two  or  three 
circuits  of  the  boiler  at  a  slow  rate;  and  this  affords 
time  for  the  absorption  of  the  heat  during  its  passage  to 
the  chimney. 

In  the  second,  there  are  two  kinds,  the  moderate  and 
the  active ;  the  first  of  these  apply  to  stationary  boilers 
used  in  manufactories,  and  the  second  to  those  afloat,  as 
used  in  steamers  and  ships  of  war.  In  stationary  boilers, 
we  have  every  description  of  treatment,  in  all  its  grada- 
tions from  slow  to  active  combustion,  and  this  arises  from 
one  of  two  causes,  or  from  both. 

The  first  is  want  of  space,  and  the  second  want  of  money 
or  inclination  to  expend  additional  sums  in  the  construc- 
tion of  new  boilers.  When  this  is  the  case,  active  com- 
bustion is  the  only  alternative,  and  that  is  sometimes 
carried  on  with  such  determined  energy  as  to  cause  an 
enormous  waste  of  fuel;  equally  expensive  as  respects 
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\\ear  and  tear,  and  productive  of  that  intolerable  nuisance 
so  loudly  complained  of — smoke. 

Tin-  marine  boiler  admits  of  no  alternative  on  the  score 
of  combustion :  it  must  be  active,  as  the  reduction  of  space 
1  ways  a  desideratum  on  board  ship.  Much,  however, 
may  be  done  even  in  these  contracted  forms  to  economise 
fuel  by  increasing  the  areas  of  the  recipient  surface  as 
much  as  possible :  and  this  is  best  accomplished  by  the 
tubular  system,  and  a  wide  diffusion  of  the  increments  of 
heat  as  they  pass  from  the  furnace  through  the  tubes,  and 
thence  to  the  water  in  the  boiler. 

The  last  process,  —  excited  combustion)  —  is  applied 
almost  exclusively  to  the  locomotive  engine :  and  here 
we  shall  have  to  enter  upon  a  brief  explanation. 

The  locomotive  boiler  is  nearly  identical  in  its  principle 
of  construction  with  the  multi-tubular.  It  is,  how- 
ever, widely  different  as  respects  the  process  of  com- 
bustion ;  as  in  one  case  the  fire  is  supplied  with  oxygen 
by  the  rarefied  column,  or  draught  of  the  chimney: 
whilst  in  the  other  the  fire  is  excited  with  much  greater 
intensity  by  the  blast  of  steam  which  passes  from  the 
cylinders  at  great  velocity  into  the  chimney.  This  steam 
in  its  escape  to  the  atmosphere  up  the  funnel,  operates 
upon  the  smoke-box  behind,  and  through  the  tubes  to 
the  furnace  like  a  pump,  and  hence  follow  the  rapid 
currents  of  cold  air  which  blow  up  the  furnace,  and 
which  never  fail  to  be  present  when  the  engine  is  iu 
motion. 

The  great  beauty  o£  this  system  therefore  is,  that <(  the 
faster  she  goes,  the  harder  she  blows;'*  and  the  fact  is, 
that  an  engine  of  this  description  at  a  high  speed  has  all 
the  properties  of  a  blow-pipe  engaged  in  exciting  and  in 
maintaining  an  intensity  of  heat  in  the  furnace  almost 
sufficient  to  melt  the  hardest  metals.  This  concentration 
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of  the  currents  upon,  and  through  the  burning  fuel,  pro- 
duces a  white  heat,  which  would  soon  destroy  the  fire- 
box, but  for  the  great  difference  which  exists  between  the 
temperature  of  the  box  and  the  water  in  the  boiler,  which 
seldom  or  never  exceeds  400°,  whereas  that  of  the  furnace 
is  probably  as  high  as  from  1500°  to  2000°.  From  this 
principle  of  combustion,  it  is  evident  that  an  intense  heat 
is  generated  in  a  comparatively  small  space  in  a  very  short 
period  of  time ;  and  hence  follows  the  necessity  of  having 
the  furnace  as  well  as  all  the  recipient  surfaces  of  heat 
made  of  copper,  as  all  the  tubes  should  be  made  of  some 
similar  material  having  high  conducting  powers  for  the 
transmission  of  heat. 

The  absorbent  material  should  also  be  as  thin  as  possible, 
in  order  to  save  time  in  the  transmission  of  heat,  and  to 
effect  a  rapid  evaporation  from  the  water  contained  in  the 
boiler.  The  difference,  therefore,  between  the  working 
of  the  locomotive  and  all  other  descriptions  of  boilers 
is,  that  time,  although  an  element  in  both  processes,  is  of 
much  greater  importance  in  the  one  case  than  in  the  other, 
for  the  locomotive  engine  boiler  will  raise  as  much  steam 
in  one  hour  as  a  stationary  or  marine  engine  boiler  of 
similar  size  will  raise  in  twenty-four  hours.  To  render 
this  a  little  more  explicit,  let  us  examine  the  subject 
attentively,  and  endeavour  to  account  for  the  difference 
which  exists  between  two  processes  which  to  a  casual 
observer  appear  to  be  nearly  identical. 

It  is  true,  there  is  little  or  no  difference  to  be  seen 
between  the  one  process  and  the  other.  Stationary 
boilers  have  furnaces  and  flues  (tubes,  if  you  like),  and 
so  has  the  other;  but  mark  the  difference  between  the 
stationary  and  the  locomotive  boiler:  when  the  same 
amount  of  steam  has  to  be  generated,  and  the  same  force 
produced,  the  latter  will  generate  steam  in  almost  a 
twentieth  part  of  the  time  that  the  other  would  require 
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to  produce  the  same  quantity.  This  is  done  with  a  fur- 
nace having  only  15  square  feet  of  fire-bar,  and  is  found 
to  be  sufficient  to  supply  steam  for  an  engine  working  at 
the  rate  of  700  horse-power,  whereas  it  will  require  no 
less  than  300  square  feet  of  fire-bar  surface  to  produce  the 
same  force  in  the  stationary  boiler,  the  ratio  of  the  surface 
of  fire-bar  to  that  of  the  boiler  being  as  1  to  20. 

Such  is  the  difference  which  exists  between  the  two 
systems ;  and  it  appears  to  me  to  be  a  subject  of  such  deep 
interest  as  to  require  careful  investigation  in  reference  to 
the  advantage  which  we  may  reasonably  hope  to  attain 
from  a  principle  only  partially  developed,  and  which  may 
in  future  applications  become  serviceable  to  the  public. 
When  we  have  more  exactly  determined  the  laws  of  heat 
in  relation  to  the  generation  of  steam,  the  practical  appli- 
cation of  these  laws  will,  I  doubt  not,  do  much  for  the 
improvement  of  stationary  and  marine  engines  as  well  as 
for  locomotive  engines. 

2.    On  Safety  Valves  and  other  Adjuncts  calculated  to 
ensure  Safety. 

This  is  a  subject  which  for  many  years  has  engaged  the 
attention  of  a  great  number  of  persons.  It  has,  like  the 
smoke  question,  brought  forward  a  vast  number  of  pro- 
jects ;  many  of  them  are  exceedingly  ingenious,  but  none 
of  them  have  attained  such  a  degree  of  perfection  as  to 
render  the  working  of  the  safety-valve  self-acting  and  free 
from  risk.  To  go  through  the  whole  of  the  devices  and 
suggestions  which  have  come  before  the  public,  would  be 
a  task  beyond  the  object  of  this  address,  and  such  as  I 
shall  not  attempt  to  inflict  upon  you  at  present.  Suffice 
it  to  observe,  that  I  have  collected  together  some  of  the 
best  and  most  useful  of  them ;  but  as  they  are  already 
well  known,  it  will  be  unnecessary  to  describe  them  in 
this  place. 
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Independent  of  the  safety-valve,  there  are  other  ap- 
pendages equally  essential  to  security,  and  to  the  genera- 
tive powers  of  the  boiler, — these  are  the  Feed  apparatus. 
Now,  in  these  appliances  we  have  nearly  the  same  variety 
existing  as  in  the  safety-valves :  each  has  its  separate  ad- 
vocate; and  since  the  introduction  of  the  high-pressure 
system,  we  may  safely  calculate  upon  nearly  twenty  dif- 
ferent ways  of  feeding  the  boiler. 

During  the  days  of  Watt  the  boilers  were  worked  and 
fed  by  pumps  which  supplied  a  cistern  at  a  height  of  10 
or  12  feet  above  the  boiler ;  and  the  height  of  this 
cistern,  or  the  column  of  water,  was  the  measure  of  the 
pressure  of  steam  within  the  boiler.  On  the  present 
system,  a  column  of  water  could  not  be  used  with  con- 
venience, as  a  working-pressure  of  from  50  to  60  Ibs.  on 
the  square  inch  would  require  it  of  a  height  of  100  feet  or 
upwards,  and  such  a  column  would  not  only  be  incon- 
venient, but  would  prove  troublesome  by  its  fluctuations, 
causing  an  unnecessary  surcharge  of  water  in  the  boiler 
when  the  pressure  was  lowered,  and  a  limited  supply 
when  the  steam  exceeded  the  fixed  degree  of  working 
pressure.  Under  the  circumstances,  the  only  alternative 
left  is  the  employment  of  a  powerful  pump,  calculated  to 
overcome  the  resistance  of  the  steam,  and  to  regulate  the 
supply  of  the  water  in  such  quantities  by  the  admission- 
valve,  as  will  cover  the  flues  and  maintain  the  water  at  a 
fixed  and  uniform  height.  This  is  accomplished  in  a 
variety  of  forms ;  some  use  a  float  acting  upon  the  valve, 
and  working  through  a  stuffing-box ;  and  others,  simply 
a  screw  which  regulates  the  lift  of  the  valve,  and  increases 
the  supply  as  the  water  rises  or  falls  in  the  boiler.  Other 
useful  appendages  are  attached  to  high-pressure  boilers, 
such  as  the  glass  water  gauge,  index  float,  steam  ami 
water  signals,  alarm  signals,  and  other  indicators  of  the 
state  of  the  water  in  the  boiler.  The  whole  of  these  are 
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not  absolutely  necessary,  but  they  can  do  no   harm   if 
kept  clean  and  in  working  order. 

3.    On  High-pressure  Steam  ivorked  expansively. 

The  working  of  steam  expansively  is  one  of  the  most 
important  subjects  to  which  the  engineer  can  direct  his 
attention.  It  involves  considerations  for  inquiry  into  the 
elementary  laws  of  our  present  practice,  and  it  leads  to  a 
wide  field  of  investigation  relative  to  the  varied  forms  and 
conditions  of  any  future  improvement  which  we  may  be 
calk-d  upon  to  adopt. 

The  difference  which  exists  between  high  and  low  pres- 
sure steam  is,  according  to  our  present  ideas,  the  measure  of 
its  elasticity  and  temperature  when  taken  at  the.  extremes 
at  which  it  is  worked,  viz.  from  10  to  150  Ibs.  on  the 
square  inch.  When  the  steam  impinges  upon  the  piston 
at  10  Ibs.  on  the  square  inch,  it  generally  follows  up  the 
supply  and  pressure  continuously  throughout  the  whole 
length  of  the  stroke,  or  nearly  so ;  but  when  steam  of  in~ 
creased  density  is  used,  say  50  Ibs.  upon  the  square  inch, 
then  instead  of  allowing  the  steam  to  act  with  a  constant 
pressure  throughout  the  whole  of  the  stroke,  the  com- 
munication with  the  boiler  is,  at  some  particular  point  of 
the  stroke,  suddenly  intercepted,  and  the  steam,  thus  cut 
off,  is  left  to  perform  the  remaining  portion  of  the  stroke 
by  its  elastic  force.  In  this  case,  the  steam  dilates  or 
expands  as  the  piston  moves  forward,  and  consequently 
acts  with  a  constantly  decreasing  pressure  upon  the  piston, 
until  it  arrives  at  the  end  of  the  stroke.  This  is  techni- 
cally called  "  working  steam  expansively." 

Let  us  now  examine  the  subject  more  minutely,  and  en- 
deavour to  ascertain  the  relative  values  of  the  two  systems 
of  high  and  low  pressure  steam.  It  will  be  found,  that  in 
working  high-pressure  steam  expansively,  the  advantage 
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is  greatly  in  favour  of  that  process,  as  compared  with  the 
non-expansive  principle. 

If  we  take  a  cylinder,  such  as  is  shown  in  the  annexed 
diagram,  of  any  given  diameter,  say  5  feet  long,  and  divide 
it  into  five  equal  parts,  as  represented  by 
15.  the  lines  CD,  EF,  GH,  we  shall  then 
have  the  different  equidistant  positions  of 
the  piston  as  it  ascends  from  the  bottom 
to  the  top  of  the  cylinder.  Let  us  now 
suppose  the  space  ABCD  to  be  filled 
with  steam  from  the  boiler  at  a  pressure 
of  40  Ibs.  upon  the  square  inch,  and  that 
with  this  force,  the  piston  is  moved  from 
AB  to  CD,  a  distance  of  1  foot.  Now  it 
is  obvious,  if  we  cut  off  or  interrupt  the 
flow  of  steam  at  this  point,  that  the  next 
foot  of  the  stroke,  that  is,  from  CD  to  EF,  will  double 
the  space  occupied  by  the  steam;  and  there  being  no 
further  supply  from  the  boiler,  the  steam  will  have  to 
expand  itself  into  double  its  original  volume,  and  its 
pressure  by  this  dilatation  will  be  reduced  from  40  to 
20  Ibs.  on  the  square  inch.  The  piston  having  arrived  at 
EF,  with  the  force  thus  reduced  to  20  Ibs.  on  the  square 
inch,  it  again  moves  forward  another  foot,  that  is  to  GH, 
where  the  original  space  occupied  by  the  steam  becomes 
enlarged  three  times,  with  a  proportionate  decrease  of 
pressure  in  the  steam,  that  is,  with  a  pressure  of  one-third 
of  40  Ibs.,  or  13-^  Ibs.  acting  upon  the  piston,  and  so  on  to 
the  other  points  of  the  stroke.  The  pressure  of  the  steam 
at  the  successive  equidistant  intervals  of  the  stroke  will 
be  as  follows:  40 Ibs.  20 Ibs.  13^ Ibs.  10 Ibs.  and  8  Ibs. 
These  pressures,  derived  from  the  law  of  Marriotte,  are 
no  doubt  slightly  in  excess,  inasmuch  as  the  vapour  suffers 
a  loss  of  temperature  upon  expansion. 

The  deductions  to  be  made  for  this  loss  of  heat  and  loss 
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of  pressure  in  the  process  of  working  can  be  ascertained 
by  the  indicator ;  but  for  our  present  purpose  it  will  be 
sufficient  to  assume  that  there  is  no  loss. 

In  order  to  find  the  work  performed  by  the  steam  in 
one  stroke  of  the  piston,  we  shall  first  find  the  mean 
pressures  of  the  steam  acting  through  the  successive  in- 
tervals of  the  stroke  ;  and  then  from  these  mean  pressures 
we  shall  find  the  total  mean  pressure. 

Pressure  in  the  1st  foot  of  the  stroke        -  =40    Ibs. 

Mean  pressure  in  the  2nd  foot  of  the  stroke  =$(40  +  20  )  =  30     „ 
3rd          „  „       =  $(20  +  13$)  =  16§    „ 

4th          „  „       =£03}+ 10  )  =  !!§    „ 

5th          „  „       -10  +    8     =  9 


5|  107$  Ibs. 
Total  mean  pressure        -        -    21^  Ibs. 


.'.  The  work  in  one  stroke  =  the  mean  pressure  x  the  length  of  the 
stroke  =  21  ^x  5-107$. 

Now,  when  the  steam  acts  uniformly  throughout  the 
whole  of  the  stroke,  the  work  =40  X  5  =  200.  But  this 
work  is  done  with  5  times  the  quantity  of  steam  that  is 
employed  when  acting  expansively,  therefore  the  work 
done  by  an  equal  quantity  of  steam  is  the  5th  of  200,  or 
40.  Comparing  the  numbers  107-J-  and  40,  we  find  that 
the  steam  used  expansively  performs  2J  times  the  work 
that  it  does  when  it  is  used  non-expansively,  or  with  a 
constant  pressure. 

This  simple  method  of  calculating  the  work  performed 
by  the  expansion  of  the  steam  gives  the  result  a  little  in 
excess.  The  following  method,  depending  upon  Thomas 
Simpson's  rule  for  finding  the  area  of  irregular  curved 
surfaces,  is  more  exact.* 

*  /?u/«. — To  the  sum  of  the  extreme  pressures  (per  square  inch)  add 
four  times  the  sum  of  the  even  pressures,  and  twice  the  sum  of  the  odd 
pressures  ;  then  this  sum  multiplied  by  one  third  the  distance  between 
the  consecutive  points  at  which  the  pressures  are  taken,  will  give  the  work 
done  expansively  on  1  inch  of  the  piston  in  one  stroke. 

M  4 
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Work  done  expansively  =£{40  -1-9  +  4(20+  10)  +  2  x  13}}  =  65$. 
Work  done  before  the  steam  is  cut  off=40  x  1  =40. 

.*.  The  total  work  in  1  stroke  =  65$  +  40=1 05 $, 
which  corresponds  very  nearly  with  the  work  as  before  found. 

In  this  calculation  some  allowance  must  be  made  for 
the  loss  of  heat,  and  consequently  the  loss  of  pressure, 
during  the  process  of  expansion,  which  may  be  ascertained 
by  diagrams  taken  from  the  indicator.  This  loss  of  heat 
by  expansion  is  much  greater  than  is  generally  imagined,  as 
we  seldom  find  general  practice  to  agree  with  deductions 
derived  from  theoretical  calculations. 

In  this  short  Lecture,  it  will  not  be  necessary  to  give 
further  examples.  I  have  sufficiently  demonstrated  the 
advantages  peculiar  to  high-pressure  steam  when  worked 
expansively,  and  it  now  only  remains  for  me  to  direct 
your  attention  to  the  closing  part  of  the  subject,  which 
demands  the  most  careful  attention,  as  all  our  instruc- 
tions and  attempts  at  economy  will  prove  fruitless  unless 
they  are  supported  by  a  steady  and  efficient  course  of 
management. 

4.    On  Management. 

It  has  ever  been  the  province  of  the  philosopher  and 
man  of  science  to  investigate  and  elaborate,  for  the  good 
of  mankind,  all  those  physical  and  mathematical  truths 
which  bear  upon  the  wants  of  civilised  society  and  the 
development  of  those  laws  which,  through  a  succession  of 
ages,  have  been  handed  down  to  us.  These  truths  have 
been  still  further  extended  by  the  inventions  and  dis- 
coveries of  the  mechanician  and  those  men  of  pract 
science  whose  lives  have  been  devoted  to  the  pursuit.  To 
the  researches  and  labours  of  those  benefactors  of  the 
human  race,  we  are  indebted  for  most  of  the  comforts  and 
enjoyments  we  now  possess;  but  these  are  of  no  avail 
unless  properly  used,  and  carefully  managed ;  and  it  is  to 
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the  management  of  one  of  these  ingenious  discoveries,— 
ifc  and  economic  production  of  steam,  —  that  I 
would,  in  conclusion,  direct  your  attention.  To  the  com- 
bined discoveries  and  inventions  of  the  mechanic  and  man 
of  science,  we  are  indebted  for  the  steam-engine-;  and  it 
remains  with  the  possessor  to  determine  to  what  extent  he 
will  make  it  safe  and  efficient ;  for  in  the  management  of 
so  docile  and  so  powerful  an  instrument  depends  its  security 
as  well  as  its  effect. 

In  the  faithful  discharge  of  this  very  important  duty, 
many  circumstances  concur  to  render  the  uses  and  ap- 
pliances of  steam-power  profitable  and  secure ;  and  I  avail 
myself  of  this  opportunity  to  enforce  upon  your  con- 
sideration the  following  suggestions,  which,  if  carried  into 
effect,  will  doubtless  secure  to  the  owners  the  most  im- 
portant and  satisfactory  results. 

In  the  steam-engine  the  boiler  is  the  source  of  all 
power,  and  the  quantity  of  work  performed  depends  upon 
the  quantity  of  water  evaporated  and  the  quantity  of  fuel 
consumed. 

Its  generative  powers,  and  the  way  in  which  those 
powers  are  used,  are  therefore  matters  of  considerable 
importance;  and  those  who  would  work  with  economy, 
will  require  to  attend  to  two  things  —  the  perfect  com- 
bustion of  the  fuel  on  the  one  hand,  and  the  transmission 
as  well  as  the  retention  of  heat  on  the  other.  In  a  well- 
managed  concern,  we  never  hear  of  safety-valves  and 
feed-pumps  being  out  of  order;  there  is  no  tampering 
with  such  vital  organs  of  safety;  everything  is  in  its 
place,  and  the  self-acting  moveable  parts  of  the  apparatus, 
s  valves,  stuffing-boxes,  and  bearings  are  kept  in 
the  most  perfect  order,  well  oiled  and  cleaned,  so  as  at  all 
times  to  be  ready  and  fit  for  service.  In  the  steam- 
engine  also  the  same  regularity  and  system  of  manage- 
ment are  preserved,  and  the  result  is, — a  ponderous 


S.  place, 

K:-h  • 


170  ON   STEAM   AND   STEAM   BOILERS. 

piece  of  machinery,  working  with  a  degree  of  precision,  at 
once  the  admiration  of  the  employer  and  the  pride  of  the 
engineer. 

I  would  have  all  engines  and  machines  kept  clean  and 
in  good  order ;  and  hence  the  advantage  of  our  polished 
surfaces,  and  the  mathematical  exactitude  with  which  the 
steam-engines  of  the  present  day  are  executed. 

But  in  these  constructions,  we  have  other  advantages 
besides  those  of  appearance,  or  a  desire  to  please  the  eye. 
A  well-constructed  machine,  neatly  executed,  has  a  won- 
derful effect  upon  the  mind  of  its  keeper.  It  only  requires 
a  few  months  to  accustom  him  to  habits  of  cleanliness  and 
order,  and  the  time  is  probably  not  far  distant  when  we 
may  look  forward  to  that  important  class  of  men,  better 
instructed  and  better  calculated  for  the  discharge  of  their 
various  duties  than  we  can  hope  for  in  the  present  state 
of  our  educational  resources.  In  conclusion,  permit  me 
to  avail  myself  of  the  words  of  a  distinguished  writer, 
who,  speaking  of  the  steam-engine,  says  that  —  "It  is  a 
thing  stupendous  alike  for  its  force  and  flexibility  ;  for  the 
prodigious  power  which  it  can  exert,  and  the  ease9  and  pre- 
cision, and  ductility  with  which  it  can  be  varied,  distributed, 
and  applied.  The  trunk  of  an  elephant,  that  can  pick  up  a 
pin  or  rend  an  oak,  is  nothing  to  it.  It  can  engrave  a  seal, 
and  crush  masses  of  obdurate  metal  like  wax  before  it;  draw 
out,  without  breaking,  a  thread  as  fine  as  gossamer,  and  lift 
a  ship  of  war  like  a  bauble  in  the  air.  It  can  embroider, 
and  forge  anchors,  cut  steel  into  ribands,  and  impel  loaded 
vessels  against  the  fury  of  the  winds  and  waves."  It  can  do 
all  this  and  more  since  the  eulogium  here  quoted  was  pro- 
nounced; and  I  look  forward  to  the  time,  when  still 
greater  improvements  will  be  effected  in  the  action  of  the 
steam-engine  and  the  use  of  steam. 
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LECTURE  VIII. 

ON  THE  CONSUMPTION  OF  FUEL  AND  THE  PREVEN- 
TION OF  SMOKE. 

THERE  is,  perhaps,  no  subject  so  difficult,  and  none  so 
full  of  perplexities,  as  that  of  the  management  of  a  fur- 
nace and  the  prevention  of  smoke.  I  have  approached 
this  inquiry  with  considerable  diffidence,  and  after  repeated 
attempts  to  derive  some  definite  conclusions,  I  have  more 
than  once  been  forced  to  abandon  the  investigation  as 
inconclusive  and  unsatisfactory.  The  difficulties  of  the 
question  do  not  arise  from  any  defect  in  our  acquaintance 
with  the  laws  which  govern  perfect  combustion,  the 
economy  of  fuel,  or  the  consumption  of  smoke.  They 
chiefly  arise  from  the  constant  change  of  temperature,  the 
variable  nature  of  the  volatile  products,  the  want  of 
system,  and  the  irregularity  which  attends  the  manage- 
ment of  the  furnace,  and  above  all,  from  the  want  of  some 
acknowledged  system  for  bringing  a  due  proportion  of  air 
in  contact  with  the  combustible  gases  in  the  proper 
manner.  Habits  6f  economy  and  attention,  with  regard 
to  a  few  simple  and  effective  rules,  are  either  entirely 
neglected  or  not  sufficiently  enforced,  and  it  appears  ob- 
vious to  every  observer  that  much  has  yet  to  be  done,  and 
much  may  yet  be  accomplished,  provided  the  necessary 
precautions  are  taken,  first  to  establish,  and  next  to  carry 
out,  a  comprehensive  and  well-organised  system  of  opera- 
tions. If  this  were  accomplished,  and  the  management 
of  the  furnace  consigned  to  men  of  more  intelligence, 
properly  trained  in  relation  to  their  respective  duties,  all 
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these  difficulties  would  vanish,  and  the  public  might  not 
only  look  forward  with  confidence  to  the  working  of  our 
engines  in  the  manufacturing  towns,  but  the  proprietors 
of  steam-engines  would  be  more  than  compensated  for 
their  additional  expenditure  by  the  saving  of  fuel  which 
the  improved  system  of  management  would  ensure.  Un- 
der the  hope  of  attaining  these  objects,  I  shall  endeavour 
to  show,  from  a  series  of  accurately  conducted  experi- 
ments, that  the  prevention  of  smoke  and  the  perfect  com- 
bustion of  fuel  are  synonymous,  and  completely  within 
the  reach  of  all  those  who  choose  to  adopt  measures  cal- 
culated for  the  suppression  of  the  one  and  the  improve- 
ment of  the  other. 

On  a  former  occasion  I  had  the  honour  of  presenting  to 
the  British  Association  an  inquiry  into  the  merits  of  Mr. 
C.  W.  AVilliams's  Argand  furnace  as  compared  with  those 
of  the  usual  construction.  On  that  occasion  it  was  found, 
from  an  average  of  a  series  of  experiments,  that  the  saving 
of  fuel  (inclusive  of  the  absence  of  smoke)  was  in  the 
ratio  of  292  to  300,  or  as  1 :  1-039;  being  at  the  rate  of 
4  per  cent,  in  favour  of  Mr.  Williams's  plan.  Since  then 
a  considerable  number  of  experiments  have  been  made  by 
Mr.  Houldsworth,  Mr.  Williams,  and  others ;  and  having 
occasion  in  the  course  of  this  inquiry  to  refer  to  these 
researches,  it  will  be  unnecessary  for  the  present  to  notice 
them  further  than  to  observe,  that  they  have  been  made 
with  great  care,  and  that  they  present  some  curious  and 
interesting  phenomena  in  connexion  with  the  further 
development  of  this  subject 

The  complex  nature  of  the  investigation  has  rendered 
it  necessary  to  divide  the  subject  into  sections,  for  the 
purpose  of  observing,  not  only  the  relative  tendencies  and 
connexion  of  each,  but  to  determine,  by  a  series  of  com- 
parative results,  the  law  on  which  perfect  combustion  is 
founded,  and  its  practical  application  ensured. 
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Keeping  these  objects  in  view,  the  heads  of  inquiry 
will  be  in  this  and  the  next  Lecture, — 

I.  The  elementary  constituents  of  coal  and  other  fuels. 

II.  The  relative  proportions  of  the  furnace,  and  forms 
of  boilers. 

III.  The  temperature  of  the  furnace  and  surrounding 
flues. 

IV.  The  economy  of  fuel,  concentration  of  heat,  and 
prevention  of  smoke. 

Lastly,  General  summary  of  results. 

1 .    The  constituents  of  coal  and  other  fuels. 

The  first  practical  inquiries  into  the  nature  and  con- 
stituents of  coal,  are  probably  those  of  Dr.  Thomson  and 
Mr.  Mushet ;  several  others  have  investigated  their  che- 
mical composition,  but  the  discrepancies  which  exist  in 
the  varied  forms  of  analysis  render  them  of  little  value 
when  applied  to  the  useful  arts.  Dr.  Thomson  examined 
four  distinct  species  of  coal,  of  which  the  following  are  the 
results : — 


Quality. 

Specific 
Gravity. 

Carbon. 

Hydrogen. 

Nitrogen. 

Oxygen. 

Caking  coal     - 

T269 

75-28 

4-18 

15-96 

4-58 

Splint  coal 

1-290 

75-00 

6-25 

625 

1250 

Cherry  coal     - 

1-263 

74-45 

12-40 

10-22 

2-93 

Cannel  coal     - 

1-272 

6472 

21-56 

1372 

\      " 

Dr.  Ure  also  supplies  an  analysis  of  splint  and  cannel 
coal,  which  differ  from  those  experimented  upon  by  Dr. 
Thomson,  as  follows  : — 


Quality. 

Speciflc 
Gravity. 

Carbon. 

Hydrogen. 

Nitrogen. 

Oxygen. 

Splint  coal 
Cannel  coal     - 

1  266 
1-228 

70-90 
72-22 

4-30 
3-93 

2-8 

24-80 
21-05 
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The  chief  difference  between  the  experiments  seems  to 
consist  in  the  increased  quantity  of  hydrogen  in  Dr. 
Thomson's  cannel  coal,  and  the  total  absence  of  oxygen, 
which  in  Dr.  Tire's  specimens  was  found  in  excess. 

The  next  authority  is  Mr.  Mushet,  who  analysed  nearly 
the  whole  of  the  Welsh  coals,  and  some  others,  of  which 
the  following  are  selected,  viz. — 


Quality. 

Specific 
Gravity. 

Carbon. 

Ashes. 

Volatile 
Matter. 

Welsh  furnace  coal     • 

1-337 

88-068 

3-432 

8-300 

Welsh  stone  coal         -        «• 

1-393 

89-700 

2300 

8-000 

Welsh  slaty  coal 

1-409 

82-175 

6-725 

9-100 

Derbyshire  furnace  coal 

1-264 

52-882 

4-288 

42-830 

Derbyshire  cannel  coal 

1-278 

48-362 

4638 

47-000 

Again,  we  have  some  of  the  American  anthracites,  with 
upwards  of  90  per  cent,  of  carbon  and  3 '6  of  volatile 
matter,  which  correspond  with  nearly  all  the  other  de- 
scriptions of  anthracites  as  given  by  Mr.  Mushet,  and 
more  recently  by  Dr.  Kane,  in  his  excellent  work  "  On 
the  Industrial  Resources  of  Ireland." 

In  addition  to  the  above,  Dr.  Fife  has  given  some 
valuable  experiments  on  coal,  wherein  he  does  not  mate- 
rially differ  in  the  bituminous  qualities  from  those  of 
Mr.  Mushet.  The  results  of  Dr.  Fife's  experiments 
were  found  to  be  in  the  bituminous  and  anthracite 
kinds : — 


Moisture  - 
Volatile  matter  - 
Fixed  carbon     - 
A*M        - 

Bituminous. 

Anthracite. 

7-5 
34-5 
50-5 
7-5 

4-5 
13-3 
71-4 
10-8 

100-0 
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It  will  be  observed  from  these  experiments  that  con- 
siderable differences  exist  as  to  the  quantity  of  carbon 
contained  in  each  sort;  and  provided  it  be  correct  that 
the  heating  power  of  any  description  of  fuel  is  in  pro- 
portion to  the  quantity  of  carbon  it  contains,  it  then 
follows  that  the  anthracite  must  be  greatly  superior  to 
the  bituminous  qualities  which  yield  little  more  than  one- 
half  the  quantity  of  carbon.  Considerable  difficulty  is, 
however,  encountered  in  the  combustion  of  the  anthracite 
coal,  as  intense  heat  is  not  only  an  element,  but  time, 
and  a  large  quantity  of  oxygen,  are  absolutely  necessary 
to  volatilize  its  products.  It  has  been  known  to  pass 
twice  through  an  iron  smelting  furnace,  and  subjected 
for  upwards  of  forty  hours  to  the  temperature  of  melting 
iron,  without  being  affected  beyond  the  exterior  surface, 
having  been  calcined  to  a  depth  of  not  more  than  three- 
fourths  of  an  inch.  Such,  however,  is  the  obduracy  of 
its  character,  that  intense  heat  makes  little  or  no  im- 
pression upon  it.  To  burn  anthracite  coal  effectually, 
and  to  extract  the  whole  of  its  volatile  products,  it  must 
be  broken  into  small  pieces,  and  thrown  upon  a  furnace 
having  a  large  supply  of  oxygen  passing  continually 
through  it. 

In  the  combustion  of  bituminous  coal  the  operation  is 
totally  different,  being  partly  friable,  and  splitting  into 
fragments  as  the  gases  are  evolved ;  and  hence  arises  the 
superior  value  of  this  description  of  fuel  in  almost  every 
branch  of  the  industrial  arts. 

The  Newcastle,  and  the  best  qualities  of  the  Durham 
coal,  are  exceptions  to  most  others  of  the  bituminous  kind ; 
they  contain  a  much  greater  quantity  of  carbon,  and  are 
thus  better  fitted  for  the  furnace.  From  some  accurate 
experiments  by  Mr.  Richardson  they  are  found  to 
contain : — 
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Carbon      ....     85-61 3 - 


Ashes        ....       1-956J 
100-000 

The  Lancashire  coals  approach  nearer  to  the  New- 
castle and  Durham  than  most  others;  and,  taking  the 
mean  of  some  recent  experiments,  they  contain :  - 

Carbon          »'•*>• 

Hydrogen     *     •  •:••*    -      ;.        ... 

Azote  and  oxygen       .  ?- 

Ashes  ....... 


100-000 

The  specific  gravity  of  the  Lancashire  coal  is  rather 
more  than  that  of  the  Newcastle  coal,  but  in  other 
respects  their  constituents  are  much  alike,  -with  the 
exception  of  a  greater  proportion  of  ashes  in  the  former 
than  is  found  in  the  finer  qualities  of  the  latter. 

Dr.  Kane,  in  his  recent  work  "  On  the  Industrial 
Resources  of  Ireland"  (already  alluded  to),  has  given 
some  valuable  information  on  the  properties  of  the  Irish 
anthracites  and  other  coals  found  in  different  districts 
of  the  country.  He  also  ascertained  the  value  of  the 
different  beds  of  lignite  which  retained  their  original 
woody  structure  and  burned  with  a  brilliant  light,  leaving 
a  residuum  of  black  dense  charcoal. 

The  constituents  of  two  specimens  analysed  by  Dr. 
Kane  gave, — 

(1.)  (2-) 

Volatile  matter         -        -        •'       -    5770  5370 

Pure  charcoal  ....     3366  30-09 

Ashea 8-64  1621 

100-00  100-00 

From  the  above  it  would  appear  that  the  economic 
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value  of  lignite  is  about  two-thirds  of  an  average  quality 
of  good  coal ;  and  comparing  these  with  other  results 
obtained  from  similar  lignites,  two-thirds  may  fairly  be 
taken  as  the  calorific  value  of  this  description  of  fuel. 
Dr.  Kane  further  examined  a  great  variety  of  turf,  and 
amongst  others  those  prepared  by  Mr.  C.  "W.  Williams 
from  the  bogs  of  Cappage,  Kilbeggan,  Kilbaken,  &c. ; 
the  elementary  products  of  which  are,  according  to  Dr. 
Kane,  as  follows :  — 


Carbon  .  -  • 

Cappage. 
.    -          -     51-05 

Kilbeggan. 
61-04 
6-67 
30-46 
1-83 

Kilbaken. 
51-13 
6-33 
34-48 
8-06 

Oxygen  -  • 

Ashes  -  • 

-    -         -     39-55 
-       2-55 

100-00        100-00        100-00 

It  will  be  unnecessary  to  exemplify  a  greater  variety 
of  fuels,  such  as  the  different  kinds  of  wood  used  in 
America,  Russia,  and  different  parts  of  the  continent. 
In  this  country  timber  is  seldom,  if  ever,  used ;  and 
taking  the  comparative  merits  of  the  fuels  already  enu- 
merated, it  will  be  found  (in  assuming  the  quantity  of 
carbon  contained  in  each  as  the  measure  of  their  respec- 
tive values)  that  the  Welsh  furnace  coal  and  the  New- 
castle and  Lancashire  coals  stand  pre-eminent  in  the 
order  of  their  heating  powers,  both  as  regards  their  ap- 
plication to  the  furnace,  and  to  the  ordinary  purposes  of 
domestic  life. 

The  American  anthracites,  which  in  some  cases  contain 
upwards  of  90  per  cent,  of  carbon,  are  extensively  used 
in  that  country;  and  assuming  the  mean,  91*4,  of  Pro- 
fessor Johnston's  experiments  to  be  correct,  and  calling 
it  at  1000,  we  then  have  an  approximate  value  of  the 
different  fuels  experimented  upon  and  in  general  use  in 
this  country. 
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TABLE  OF  COMPARATIVE  RESULTS,  showing  the  calorific 
and  economic  Value  of  different  kinds  of  Fuel. 


Quality. 

Speciac 

Gravity. 

Value. 

American  anthracite  coal         '•    .    - 

-      - 

1000 

1 

Welsh  anthracite  coal           '  • 

1-393 

981 

2 

Welsh  furnace  coal                  • 

1-337 

963 

3 

Newcastle  coal        -                 • 

1-278 

936 

4 

Lancashire  coal 

1-293 

900 

5 

Welsh  slaty  coal     - 

1-409 

898 

6 

Scotch  caking  coal  - 

1-263 

822 

7 

Scotch  cherry  coal  - 

1263 

813 

8 

f  Scotch  splint,  7  5  '00  1  ,,        „  ^  n  , 
[Scotch  splint,  70-90  )Mean"29°     ' 

1-278 

799 

9 

J  Scotch  cannel,  64-72  \  M               ,_ 
1  Scotch  cannel,  72-22  J  Mean'  68  47   ' 

1-250 

749 

10 

Derbyshire  furnace  coal  -        .*».       • 

1-264 

578 

In  this  Table  the  economic  value  is  assumed  to  be  in 
proportion  to  the  quantity  of  carbon  contained  respectively 
in  each  sort  of  coal ;  and,  provided  the  lignites  and  turfs 
are  excepted,  the  others  may  be  safely  taken  as  nearly 
the  correct  value  of  the  principal  mineral  fuels  of  the 
kingdom. 

II.  The  relative  proportions  of  the  furnace  and  the  forms 
of  boilers. 

On  this  part  of  the  subject  there  are  several  points 
worthy  of  attention,  namely,  the  proportions  of  the  fur- 
naces of  stationary  boilers  of  different  constructions ;  the 
dimensions  and  position  of  those  with  exterior  and  in- 
terior fires ;  and  the  principle  of  form  which  approaches 
to  a  maximum  calorific  effect. 

It  is  obvious  that  the  hemispherical  and  waggon-shaped 
boilers  are  the  best  calculated  to  ensure  abundance  of 
space ;  and  the  furnace  being  detached  and  entirely  clear 
of  the  boilers,  a  discretionary  power  is  thus  vested  in 
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every  person  choosing  to  experiment  as  to  the  length, 
breadth,  or  height  of  the  hearth  plate  and  bars  which 
contain  the  fuel.  Hence  arise  the  anomalies  -which  exist 
and  the  innumerable  theories  which  are  advocated  in  every 
direction  for  improved  furnaces  and  perfect  combustion. 

These  discrepancies  create  great  perplexities;  and  as 
much  depends  upon  the  management  of  the  fire,  and  the 
will  as  well  as  the  skill  of  the  engineer,  it  is  next  to 
impossible,  from  such  a  mass  of  conflicting  evidence,  to 
deduce  anything  like  a  correct  proportional  of  the  area  of 
the  grate-bar  and  the  recipient  surface  of  the  boiler. 

From  a  careful  examination  of  some  of  the  best  con- 
structed boilers  and  furnaces  in  Manchester,  the  following 
results  were  obtained  :  — 


*5  • 

Recipient 

Recipient 

Total 

Ratio  of 

e*l 

s|| 

Internal 
Surface  in 

Kxternal 
Surface  in 

Heated 
Surface  in 

Grate-bars 
to  Heating 

Remarks. 

SKjQ 

^5  J  c 

Feet. 

Feet. 

Feet. 

Surface. 

5 

6 

36-0 

195  0 

. 

. 

_ 

In   the    first  six 

1 

30-5 

167-2 

175-0 

342-2 

:   11-2 

boilers    the    ex- 

2 

36-5 

201  0 

267-5 

468-5 

:  12-7 

ternal  flues  could 

2 

28-3 

154  8 

180-5 

353-3 

:  12-0 

not  be  measured. 

2 

28-7 

137  3 

167-0 

304-3 

:  10-8 

2 

40-6 

150-4 

207-3 

3577 

:     89 

Mean 

33-4 

162-1 

199-4 

365'2 

1  :   1P1 

The  ratio  of.  the  grate-bar  to  the  absorbing  surface  is 
therefore  as  1  :  11*1,  which,  taken  from  fifteen  different 
boilers  of  the  best  construction,  and  worked  with  con- 
siderable skill,  gives  a  fair  average  of  the  proportions  of 
the  furnace  and  flue  surface  of  each.*  Now,  on  comparing 
the  above  with  the  boilers  at  work  in  Cornwall,  it  will  be 

*  Considerable  difference  of  opinion  exists  in  regard  to  these  propor- 
tions, some  contending  for  a  large  absorbing  surface,  and  others  again 
asserting  that  under  certain  circumstances  this  is  not  wanted,  particularly 
in  marine  boilers,  where  an  active  system  of  combustion  is  carried  on. 
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found  that  their  relative  proportions  are  as  1  to  25 ;  the 
Cornish  boilers  presenting  from  two  and  a  half,  and  in 
some  instances  three  times  the  surface  exposed  to  the 
action  of  the  fire,  in  the  ratio  of  the  furnace  to  the  flue  as 
a  recipient  of  heat.  Taking  the  disparities  as  thus  ex- 
hibited, it  must  appear  evident  that  exceedingly  defective 
proportions  must  somewhere  exist,  otherwise  the  anoma- 
lous comparison  of  a  small  fire  and  a  large  absorbent 
surface  could  not  be  maintained,  unless  the  former  practice 
of  large  fires  and  limited  flue  surface  had  been  found  in- 
jurious and  expensive.  It  is  true  that  time  is  an  element 
in  every  process  of  combustion,  and  that  the  system  of 
quick  and  slow  firing  have  each  their  merits  and  peculiar 
grounds  of  preference.  To  this  may  probably  be  referred 
one  of  the  sources  of  economy,  but  economy  in  time  and 
economy  in  fuel  are  two  different  things;  each  has  its 
respective  value.  It  nevertheless  appears  evident  that 
a  great  waste  of  valuable  fuel  is  the  consequence  of  these 
defective  proportions,  and  this  is  abundantly  manifest 
from  the  results  obtained  in  the  quantity  of  water  eva- 
porated by  a  pound  of  coals  in  each  case.  For  example, 
1  Ib.  of  good  coal  will  evaporate  in  the  Cornish  boiler 
about  ll^lbs.  of  water;  and  the  utmost  that  the  best 
waggon-shaped  boiler  has  been  known  to  accomplish  IB 
8 •?  Ibs.  of  water  to  the  pound  of  coal.  Hence  the  ad- 
vantage of  a  small  furnace  and  large  flue  surface,  united, 
however,  to  abundance  of  boiler  space,  in  order  to  attain 
a  maximum  effect  by  a  slow  and  progressive  rate  of  com- 
bustion. From  the  facts  thus  recorded,  and  the  returns 
regularly  made  of  the  performances  of  the  Cornish  en- 
gines and  boilers,  it  will  no  longer  admit  of  doubt  as  to 
the  superiority  of  the  practice  which  exists  in  one  country 
as  compared  with  that  in  the  other.  Persons  unacquainted 
with  the  subject  have  attributed  the  saving  to  the  engine ; 
but  that  doctrine,  although  in  some  degree  correct,  is  no 
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longer  tenable,  as  experiments  and  the  monthly  returns 
unite  in  proving  that  part  of  the  economy  is  due  to  the 
boiler ;  and  the  proportion  of  flue  surface  on  the  Cornish 
construction  being  so  much  greater,  we  reasonably  infer 
that  the  recipient  surface  of  the  hemispherical  and  waggon 
boilers  is  insufficient,  under  a  system  of  slow  combustion, 
for  the  amount  of  fire-bar  surface  acting  upon  it. 

These  observations  have  in  a  great  measure  been  cor- 
roborated by  the  introduction  into  the  Lancashire  dis- 
tricts of  the  cylindrical  form,  with  a  large  circular  flue, 
extending  the  whole  length  of  the  boiler.  In  this  flue  the 
furnace  is  placed,  and  being  confined  within  certain  limits 
it  no  longer  admits  of  disproportionate  enlargement,  but, 
from  the  very  nature  of  its  construction,  forces  old  plans 
and  old  prejudices  to  yield  to  positive  improvement. 

The  effect  of  the  change  is  a  progressive  and  improved 
economy  in  the  consumption  of  coal,  with  a  larger  extent 
of  flue  surface,  and,  what  is  probably  of  equal  value,  a 
stronger  and  much  more  perfect  boiler. 

Irrespective  of  the  changes  of  form  and  management  of 
boilers  which  are  in  progress,  it  may  be  proper  to  notice 
a  still  further  improvement  in  construction  which  has 
recently  taken  place,  and  where  a  still  greater  economy 
is  effected.  This  is  a  mean  between  the  Cornish  single 
flue  boiler  and  the  tubular  boiler;  it  is  perfectly  cylin- 
drical, and  contains  two  circular  flues,  varying  from  2 
feet  6  inches  to  2  feet  9  inches  in  diameter,  extending 
throughout  its  whole  length,  as  represented  and  explained 
in  another  place  by  drawings  which  are  annexed.  To- 
wards the  front  end  the  flues  are  made  slightly  elliptical  *, 
in  order  to  receive  the  surface  grate-bars,  hearth-plates, 
&c.,  to  give  sufficient  space  over  the  fire,  and  to  admit  a 
free  current  of  air  under  the  ash-pit.  On  this  plan  it  will 

*  The  elliptical  form  has  for  some  years  been  dispensed  with,  and  the 
circular  form  adopted  on  account  of  its  superior  strength. 
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be  observed  that  each  furnace  is  surrounded  by  water  in 
every  direction,  with  Large  intermediate  spaces  to  allow  a 
free  circulation  of  the  water,  as  the  globules  of  heat  rise 
from  the  radiant  surface  over  the  fires  and  the  other  in- 
tensely heated  parts  of  the  flues.  Another  advantage  is 
the  position  of  the  receptacle  for  the  sedimentary  deposits, 
which  do  not  take  place  over  the  furnace,  as  in  the  old 
construction,  but  in  the  lower  region  of  the  boiler,  where 
the  temperature  is  lowest ;  thus  affording  greater  security 
from  incrustation  and  other  causes  of  an  injurious  tendency. 
On  the  evaporative  powers  of  boilers,  it  has  already 
been  shown  that  the  process,  to  be  conducted  with  eco- 
nomy, depends  upon  one  of  two  causes,  or  both ;  first,  on 
the  due  and  perfect  proportions  of  the  furnace ;  secondly, 
which  is  more  probable,  on  the  quantity  of  flue  surface 
exposed  to  the  action  of  heat.  No  doubt  they  are  both 
important  agents  in  the  procuration  and  generation  of 
steam,  but  the  recipient  surface  is  so  important,  that  the 
measure  of  all  boilers,  as  to  their  economy  and  efficiency,  in 
a  great  degree  depends  upon  the  enlargement  of  those  im- 
portant parts.  Taking,  therefore,  the  amount  of  the  flue  sur- 
face in  a  boiler  exposed  to  the  passing  currents  of  heat  as  a 
criterion  of  its  economic  value,  we  shall  then  have,  accord- 
ing to  computation,  a  summary  of  comparison  as  follows:— 


No. 

Description  of  Boiler. 

Cubic 

Cuiit.-nts 
in  Feet. 

Area  of 

1:.      .'..I 

Surface  In 
Feet. 

Ratio  of  the 
Area  of  beating 
Surface  to 

Content*. 

1 
2 

3 
4 

OM  hemispherical  boiler 
Common  waggon   boiler,  without 
middle  flue       -        ... 
Waggon  boiler,  with  middle  flue    - 
Cylindrical  boiler,  without  middle 

420 

1044 
894 

7ftQ 

128 

320 
432 

90* 

1  :  3-28 

1  .  3-26 
1  :  2-06 

1   •  1-1O 

5 
6 

7 

Cylindrical  boiler,  with  middle  flue 
Cylindrical  boiler,  with  eight  ten- 
inch  iron  tubes          ... 
Improved  boiler,  with  two  middle 
flues        •       •        »  i     .       » 

579 
605 
573 

3GO 
567 

548 

1  :  1-65 
1  :  1-06 
1  :  1-01 

ON  THE   CONSUMPTION   OP   FUEL,   ETC.  183 

On  a  comparison  of  the  above  Table,  it  will  be  seen 
that  the  generative  powers  of  a  boiler  do  not  depend  upon 
its  cubic  contents,  nor  yet  upon  the  quantity  of  water  it 
contains,  but  upon  the  area  of  flue  surface  exposed  to  the 
action  of  heat ;  and  that  the  nearer  the  area  of  the  flue 
surface  approaches  the  cubic  contents,  the  greater  the 
economy  and  more  perfect  the  boiler. 

This  has  been  proved  by  experiment,  and  also  by 
practice  in  the  use  of  Nos.  6  and  7  boilers,  where  the 
generative  powers  have  been  much  increased,  and  where 
they  approach  nearer  to  the  maximum  than  any  other, 
excepting,  probably,  those  with  a  number  of  small  tubes, 
such  as  the  locomotive,  and  the  present  -construction  of 
marine  boilers.*  These  latter  are,  however,  not  so  well 
adapted  for  stationary  purposes,  nor  yet  are  they  calcu- 
lated for  the  attainment  of  other  objects  contemplated  in 
this  paper. 

It  has  already  been  stated  that  the  relative  areas  of  fire- 
grate and  flue  surface,  taken  from  a  series  of  observations, 
are  as  1  to  1 1  f,  and  in  the  average  of  Cornish  boilers  as 
1  to  25.  Now,  if  we  take  the  mean  of  these  two,  and  fix 
the  ratio  at  1  to  18,  we  shall  have  a  near  approximation 
to  the  boilers  now  in  use ;  and,  for  general  practice,  it 
may  be  found  that  such  a  proportion  will  better  serve  the 
interests  of  the  public,  and  of  parties  employing  steam- 
boilers,  than  the  extreme  of  1  to  25  or  1  to  30,  where  a 
great  increase  of  boiler  power  and  boiler  space  must  be  the 

*  Mr.  C.  Wye  Williams,  in  his  excellent  "Treatise  on  Combustion," 
maintains  a  different  opinion.  He  says,  "  that  the  present  construction  of 
marine  tubular  boilers  is  the  greatest  violation  of  all  chemical,  physical,  and 
economic  laws,  as  regards  either  combustion  or  vaporisation,  that  can  be 
exhibited." 

f  Since  the  above  was  written,  I  have  received  from  my  friend,  Mr. 
Andrew  Murray,  of  the  Royal  Dockyard,  Woolwich,  a  series  of  experi- 
mental researches,  some  of  which  will  be  found  at  the  close  of  the  next 
lecture. 
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result.  In  many  situations,  such  as  the  large  manufac- 
turing towns,  this  cannot  be  accomplished,  and  to  enforce 
such  a  regulation  by  legislative  or  municipal  enactments, 
would  be,  to  say  the  least,  inexpedient  and  oppressive. 
Taking,  therefore,  the  experiments,  observations,  and 
other  circumstances  bearing  upon  these  points,  into  con- 
sideration, it  would  appear  that  the  circular  boiler,  with 
an  enlarged  and  extended  flue  surface,  and  accurately 
proportioned  furnaces  of  about  1  to  18,  is  probably  cal- 
culated, as  well  as  most  others,  for  effecting  the  economy 
of  fuel,  and  those  other  objects  which  have  yet  to  be 
considered  in  the  absence  of  smoke. 

III.    The  temperature  of  the  furnace  and  the  surrounding 
flues. 

It  is  a  difficulty  of  no  ordinary  description  to  ascertain 
with  sufficient  accuracy  the  temperature  of  a  furnace.  In 
fact,  every  fire  and  every  furnace  is  continually  changing 
its  temperature,  as  well  as  the  nature  of  the  volatile  pro- 
ducts, as  they  pass  off  during  the  process  of  combustion. 
When  a  furnace  is  charged  with  a  fresh  supply  of  fuel,  its 
temperature  is  lowered,  and  that  from  two  causes :  first, 
by  the  absorption  of  heat  which  the  coal  fuel  takes  up 
when  thrown  upon  the  fire ;  and,  secondly,  by  a  rush  of 
cold  air  through  the  open  door  of  the  furnace.  Attempts 
have  been  made  to  remedy  these  evils  by  the  aid  of 
machinery  and  continuous  firing;  but  taking  the  whole  of 
the  existing  schemes  into  account,  and  bestowing  upon 
them  the  most  favourable  consideration,  it  is  questionable 
whether  they  are  at  all  equal  (either  as  regards  efficiency 
or  economy)  to  the  usual  way  of  working  the  fires  by 
hand.  I  am  persuaded  the  latter  plan  is  the  best ;  and, 
provided  a  class  of  careful  men  were  trained  to  certain 
fixed  and  determined  regulations,  and  paid,  not  in  the 
ratio  of  the  quantity  of  coals  shovelled  on  the  fire,  but  in 
proportion  to  the  saving  effected,  we  should  not  then  have 
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occasion  for  the  aid  of  machinery  as  an  apology  for  in- 
attention and  ignorance. 

Operations  of  this  kind  require  but  a  small  portion  of 
physical  strength  in  supplying  a  furnace  with  fuel  (which 
a  machine  can  do),  but  some  measure  of  intelligence  is 
necessary  to  watch  over  and  assist  nature  in  the  develop- 
ment of  those  laws  which  govern  the  process  of  com- 
bustion. 

Viewing  the  subject  in  this  light,  it  will  not  be  un- 
interesting if  we  attempt  to  exhibit  some  of  the  important 
and  exceedingly  curious  changes  which  take  place  in  the 
ordinary  process  of  heating  a  steam-engine  boiler. 

For  these  experiments  we  are  indebted  to  Mr.  Henry 
Houldsworth,  of  Manchester;  and  having  been  present 
at  several  of  the  experiments,  we  can  vouch  for  the  accuracy 
with  which  they  were  conducted,  and  for  the  very  satis- 
factory and  important  results  deduced  therefrom. 

In  giving  an  account  of  Mr.  Houldsworth's  experi- 
ments, it  will  be  necessary  to  describe  the  instrument  by 
which  they  were  attained,  and  also  to  show  the  methods 
adopted  for  indicating  the  temperature,  and  the  changes 
which  take  place  in  the  surrounding  flues. 

The  apparatus  consists  of  a  simple  pyrometer,  with  a 
small  bar  of  copper  or  iron  (a  in  the  following  sketch) 
introduced  into  one  of  the  side  flues  and  fixed  at  the  ex- 
treme end  of  the  boiler,  projecting  through  the  brick- 
work in  front,  where  it  is  jointed  to  the  arm  of  an  index 
lever  by  to  which  it  gives  motion  when  it  expands  or  con- 
tracts by  the  heat  of  the  flue. 

The  instrument  being  thus  prepared,  and  the  bar  sup- 
ported by  iron  pegs  driven  into  the  side  walls  of  the  flue, 
the  lever  (which  is  kept  tight  upon  the  bar  at  the  point  e 
by  means  of  a  small  weight  over  the  pulley  at  d)  is  at- 
tached, and  motion  ensues.  The  long  arm  of  the  lever  at 
d  gives  motion  to  the  sliding  rod  and  pencil/,  and  by  thus 
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pressing  on  the  periphery  of  a  slowly  revolving  cylinder, 
a  line  is  inscribed  corresponding  with  the  measurements 
of  the  long  arm  of  the  lever,  and  indicating  the  variable 
degrees  of  temperature  by  the  expansion  and  contraction 
of  the  bar.  Upon  the  cylinder  is  fixed  a  sheet  of  paper, 

PYROMETER. 

Fig.  16. 


on  which  a  daily  record  of  the  temperature  becomes  in- 
scribed, and  on  which  are  exhibited  the  change  as  well  as 
the  intensity  of  heat  in  the  flues  at  every  moment  of  time. 
In  using  this  instrument  it  has  been  usual  to  fix  it  at  the 
medium  temperature  of  1000°,  which,  it  will  be  observed, 
is  an  assumed  degree  of  the  intensity  of  heat,  but  a 
sufficiently  near  approximation  to  the  actual  temperature 
for  the  purpose  of  ascertaining  the  variations  which  take 
place  in  all  the  different  stages  of  combustion  consequent 
upon  the  acts  of  charging,  stirring,  and  raking  the  fires. 
These  are  exemplified  by  diagrams  I.  and  II. 

On  a  careful  examination  of  the  diagrams,  it  will  be 
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found  that  the  first  (No.  I.)  was  traced  without  any  ad- 
mixture of  air,  except  that  taken  through  the  grate-bars ; 
the  other  (No.  II.)  was  inscribed  with  an  opening  for 
the  admission  of  air  through  a  diffusing  plate  behind  the 
bridge,  as  recommended  by  Mr.  C.  W.  Williams.  The 
latter  diagram  (No.  II.)  presents  a  very  different  figure ; 
the  maximum  and  minimum  points  of  temperature  being 
much  wider  apart  in  the  one  than  the  other,  as  also  in  the 
fluctuations  which  indicate  a  much  higher  temperature, 
reaching  as  high  as  1400°,  and  seldom  descending  lower 
than  1000°,  giving  the  mean  of  1160°. 

Now,  on  comparing  No.  II.  diagram  with  No.  I., 
where  no  air  is  admitted,  it  will  be  found  that  the  whole 
of  the  latter  exhibits  a  descending  temperature,  seldom 
rising  above  1100°,  and  often  descending  below  900°,  the 
mean  of  which  is  975°.  This  depression  indicates  a  defec- 
tive state  in  the  process ;  and  although  a  greater  quantity 
of  coal  was  consumed  in  the  former  (2000  Ibs.  in  396 
minutes  in  the  No.  II.  experiment,  and  1840  Ibs.  in  406 
minutes  in  No.  I.),  yet  the  disparity  is  too  great  when  the 
difference  of  temperature  and  loss  of  heat  are  taken  into 
consideration.  As  a  further  proof  of  the  imperfections 
of  No.  I.  construction,  it  is  only  necessary  to  compare  the 
quantities  of  water  evaporated  in  each  in  order  to  as- 
certain the  difference,  wherein  No.  I.  experiment  5-05  Ibs. 
of  water  were  evaporated  to  the  pound  of  coal,  and  in 
No.  II.  one-half  more,  or  7*7  Ibs.,  showing  the  increase 
by  a  more  perfect  combustion. 

Taking  the  results  thus  indicated,  it  will  appear  evident 
that  the  admission  of  a  certain  quantity  of  atmospheric 
air  behind  the  bridge  operates  most  advantageously,  inas- 
much as  it  combines  with  its  constituents  in  due  propor- 
tions, and  by  these  means  the  gases  are  inflamed  under 
circumstances  favourable  to  the  extraction  of  heat  and  the 
absence  of  smoke.  The  whole  process  is  therefore  dis- 
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tinguishable  by  the  fact  of  one  construction  presenting  a 
decreasing  temperature  when  air  is  not  admitted,  and  the 
other  an  increasing  column  when  it  is  introduced.  If  no 
air  is  admitted,  except  through  the  grate-bars,  and  there 
happens  to  be  a  compact  charge  in  the  furnace,  the  con- 
sequence is,  that  the  gases  pass  through  the  flues  uncon- 
sumed,  and  accompanied  with  a  dark  volume  of  smoke, 
which  is  invariably  present  on  such  occasions. 

It  will  not  be  necessary  in  this  instance  further  to  in- 
crease the  number  of  diagrams,  as  No.  L,  which  exhibits 
the  variations  and  results  of  the  intensity  of  heat  when 
air  is  not  admitted,  and  No.  II.  (with  an  aperture  of  forty- 
five  square  inches  constantly  open)  will  be  found  to  offer 
encouraging  features  for  its  admission  in  duly  regulated 
proportions.  These  two  diagrams  will  therefore  suffi- 
ciently explain  the  varied  changes  of  temperature  which 
exist,  and  as  all  the  other  thirty  are  (with  occasional 
deviations)  nearly  alike,  the  following  Table  of  Results 
will  probably  answer  the  same  purpose  as  if  given  in 
detail.  (See  page  189.) 

By  comparing  the  results  there  given,  it  will  be 
found,  that  in  taking  the  quantity  of  water  evaporated  by 
1  Ib.  of  coal  as  the  measure  of  economic  value,  the  mean 
of  nearly  the  whole  experiments  (excepting  only  Nos. 
12,  13  and  28,  where  air  is  not  admitted)  is  as  100  to 
112*65,  or  about  12^  per  cent,  in  favour  of  a  regulated 
and  continuous  supply  of  air.  Taking,  however,  the 
mean  of  experiments,  25  to  29,  and  comparing  it  with 
some  of  the  others,  it  will  be  observed  that  a  much  higher 
duty  is  obtained ;  and  having  accomplished  a  maximum, 
there  appears  no  reason  for  doubting  why  it  should  not 
be  continued,  and  still  further  advantages  secured  by  a 
judicious  arrangement  of  the  furnace  for  the  admission 
of  oxygen  to  the  uninflamed  gases,  which  under  other 
circumstances  would  make  their  escape  into  the  atrao- 
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sphere  unconsumed.  In  furnishing  this  supply  it  is  not 
absolutely  necessary  to  administer  it  immediately  behind 
the  bridge,  as  the  same  quantity  of  air  taken  through 
the  grate-bars,  or  in  at  the  furnace-doors,  would  nearly 
effect  the  same  purpose,  not  only  as  regards  the  quantity 
of  heat  evolved,  but  also  as  respects  the  transparency  of 
the  gases  and  the  consequent  disappearance  of  smoke.* 

TABLE  OF  RESULTS,  selected  from  thirty  experiments 
obtained  by  Mr.  Houldsworth's  Pyrometer,  indicating 
the  mean  temperature  of  the  flues  in  a  steam-engine 
boiler,  and  the  effects  produced  by  the  admission  of  air 
through  regulated  and  permanent  apparatus  behind  the 
bridge. 


No.  of  Ex- 
pet  intents 
as  marked 
on  the 
Diagrams. 

Description  of 
Coal  used. 

Aperture  for  the 
Admission  of 
Air  in  Square 
Inches. 

Coals 
burnt 
per 
Hour. 

Water 
evapo- 
rated 

bv  I  H). 
of  Coal 
in  Ibs. 

Mean 
Tempe- 
rature 
in  the 
Front 
Flue. 

Relative 
v;i  in-  in 
the  Ratio  of 
Water  eva- 
porated. 

12 
13  and  28 

Clifton    I 
Oldham  f  mean 

No  air 

243-00 

6-21 

o 
977 

100  :  100 

9,  10,  11 

Clifton 

„ 

278-46 

5-41 

973 

100:    87-1 

7  and  8 

Clifton 

45 

280-8 

6-85 

1-165 

100:110-3 

15  to  22 

Clifton 

fRegu-       I 
\     latedbyl 
I      and      J 

265-8 

6-94 

1-122 

100:  110-7 

14 

Clifton 

45 

279-0 

6-60 

1-220 

100:106-2 

30 

Clifton 

Regulated 

279-0 

6-80 

1-160 

100:109-5 

24 

Oldham 

35 

243-0 

6  85 

1-080 

100:110-3 

26 

Oldham 

24 

229-2 

7-40 

1-050 

100:  119-1 

23 

Oldham 

Regulated 

230-4 

7-70 

1-070 

100:124-0 

25  to  29 

Oldham 

Regulated 

216-6 

8-30 

1-053 

100:  133-6 

f  Mixed,     "I 

27 

]  half  of       I 

•                  • 

243-0 

7-20 

1-060 

100:1157 

L  each  sort  J 

Mr.  Houldsworth  estimates  the  advantages  gained  by 

*  On  this  subject,  see  Mr.  C.  W.  Williams's  work,  or  that  part  of  it  which 
refers  to  the  admission,  diffusion,  and  mechanical  admixture  of  air  to  the 
furnace. 
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the  admission  of  air  (when  properly  regulated)  at  35  per 
cent.,  and  when  passed  through  a  fixed  aperture  of  43 
square  inches,  at  34  per  cent.  This  is  a  near  approxima- 
tion to  the  mean  of  five  experiments,  which,  according  to 
the  preceding  Table,  gives  33£  per  cent.,  which  probably 
approaches  as  near  the  maximum  as  can  be  expected  under 
all  the  changes  and  vicissitudes  which  take  place  in  general 
practice. 

On  a  cursory  view  of  the  subject,  it  is  obvious  that  the 
quantity  of  air  necessary  to  be  admitted  will  greatly 
depend  upon  the  nature  and  quality  of  the  fuel  used. 
In  a  light  burning  fuel,  such  as  splint  and  cannel  coal, 
less  air  will  be  required,  as  the  charge  burns  freely  with 
clear  spaces  between  the  grate-bars,  and  is  attended  by 
less  risk  of  cementation  than  the  caking  coal,  which  in  some 
cases  completely  seals  the  openings,  and  thus  deprives  the 
fuel  of  that  quantity  of  air  necessary  for  its  combustion. 
Under  such  circumstances  a  permanent  opening  will  be 
found  exceedingly  efficacious,  and  that  more  particularly 
when  the  heat  vitrifies  the  earthy  particles  of  the  coal, 
and  forms  clinkers  on  the  top  of  the  grate-bars.  In  the 
use  of  this  description  of  fuel  the  permanent  apertures 
are  of  great  value. 

The  constituents  of  coal  vary  in  quality  as  well  as 
degree,  and  this  may  be  seen  from  what  has  already  been 
stated  in  the  analysis  given  by  recognised  chemical  au- 
thorities at  the  commencement  of  the  inquiry.  In  order, 
therefore,  to  provide  for  these  differences,  and  to  effect 
its  perfect  and  economical  combustion,  it  will  be  necessary 
to  show  in  what  manner  and  under  what  circumstances 
its  gaseous  products  combine  with  other  elements  essen- 
tial to  produce  the  phenomenon  which  we  call  flame,  or 
the  combustion  of  fuel.  When  all  the  elementary  sub- 
stances are  present,  two  things  appear  to  be  necessary 
to  effect  combustion,  and  these  are  heat  and  the  requisite 
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quantity  of  oxygen  as  its  supporter.  Now  this  latter 
element  is  supplied  in  great  abundance  from  the  atmo- 
sphere; but  as  it  is  mixed  with  another  gas,  nitrogen, 
from  which  it  has  to  be  separated  before  it  unites  with 
the  hydrogen  and  carbon  of  the  fuel,  it  becomes  abso- 
lutely necessary  to  maintain,  not  only  a  high  temperature 
in  the  furnace,  but  to  afford  facilities  for  the  requisite 
supply  of  air  under  all  the  varied  conditions  of  slow  to 
active  combustion.  As  the  evolving  gases  will  combine 
with  no  more  than  their  correct  equivalents  of  oxygen, 
it  becomes  a  question  of  great  importance  to  approximate 
as  nearly  to  the  right  quantity  as  possible,  and  to  admit 
neither  more  nor  less  air  than  is  necessary  to  furnish 
those  equivalents.  If  more  air  is  admitted  than  what 
is  required,  the  temperature  is  reduced ;  and  on  the  other 
hand,  if  too  little  air  is  admitted,  an  imperfect  combustion 
ensues,  and  the  usual  defect  of  a  turbid  black  smoke  is 
the  result  When  the  proper  quantity  of  atmospheric 
air  is  supplied,  and  a  sufficiently  high  temperature  of  the 
furnace  is  maintained,  a  perfect  process  of  combustion  is 
then  effected :  the  carbon  of  the  coal,  under  these  circum- 
stances, is  converted  into  carbonic  acid,  whilst  that  of 
the  hydrogen  is  converted  into  water  in  the  shape  of 
vapour. 

In  this  state  of  the  furnace  the  products  of  combustion 
become  invisible,  and  hence  we  may  reasonably  conclude 
that  smoke,  whenever  or  wherever  it  is  presented,  is 
neither  more  nor  less  than  the  result  of  imperfect  com- 
bustion. A  high  temperature  being  therefore  one  of  the 
conditions  necessary  to  effect  combustion,  it  is  of  great 
importance  that  we  should  know  at  all  times  the  varied 
forms  and  temperatures  at  which  the  gases  pass  from  the 
furnace  into  the  flues  and  the  chimney;  and  also,  that 
we  should  register  the  indications  of  temperature  on  the 
principle  which  is  so  neatly  and  so  ingeniously  illustrated 
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by  Mr.  Houldsworth's  pyrometer.  These  indications  are 
of  great  value,  as  they  lead  to  the  maintenance  of  a  suffi- 
ciently high  temperature  to  ensure  a  perfect  combination 
of  the  chemical  compounds,  and  at  the  same  time  to  pass 
off  the  vaporous  products  of  the  furnace  in  their  trans- 
parent and  indivisible  forms.* 

Sir  Humphry  Davy,  in  his  experiments  on  flame,  has 
proved  all  these  facts;  and  he  has  further  shown,  that 
in  the  chemical  combination  of  air  and  gas,  a  high  tem- 
perature is  required.  In  some  of  his  researches  he 
found  that  air  and  gas  could  not  be  inflamed  with  red-hot 
iron,  and  that  it  required  the  gaseous  mixture  to  be  raised 
to  a  white  heat  before  ignition  or  explosion  ensued. 
Mr.  C.  W.  Williams  also  maintains  this  opinion ;  and  in 
speaking  of  Davy's  experiments,  he  states,  "  That  this 
heat" — meaning  the  temperature  at  which  the  gases  com- 
bine — "  is  required  for  the  ignition  of  the  first  mixed 
group  of  gas  and  air  to  which  it  is  applied,  we  have  daily 
proof,  when,  to  light  the  gas  in  our  apartments,  we  apply 
the  heat  of  a  separate  flame  before  ignition  takes  place." 

"  This  is  confirmatory  of  the  high  temperature  described 
by  Sir  H.  Davy,  since,  as  he  observes,  *  the  temperature 
of  white-hot  metal  is  far  below  that  of  flame?  Now  in 
lighting  the  gas  from  our  burners,  we  are  apt  to  overlook 

*  In  this  investigation  I  have  not  touched  upon  the  question  that  bears 
upon  the  nature  and  quality  of  the  products  of  combustion  as  they  i*suc  from 
steam-engine  chimneys  or  common  fires  ;  nor  yet  have  I  inquired  whether 
they  have  or  they  have  not — under  certain  conditions  of  an  improved  pro- 
cess—undergone a  chemical  change,  either  as  respects  their  deleterious 
character  when  discharged  from  the  funnels  or  chimneys  in  a  transparent 
or  indivisible  form,  or  under  any  other  condition  arising  from  defective 
combustion.  That  is  a  subject  still  open  for  inquiry,  and  although  it  is  not 
entirely  distinct  from  that  now  under  consideration,  it  is  nevertheless  not 
immediately  connected  with  it.  Suffice  it,  therefore,  to  observe,  that  the 
removal  of  the  black  carbonaceous  matter  which  now  darkens  the  atmosphere 
of  our  large  towns  is  an  important  point  gained,  and  that  alone  is  a  step  in 
advance,  independently  of  other  conditions  under  which  the  residuum  of 
combustion  may  make  its  escape. 
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the  all-important  fact,  that  it  is  not  the  gas  which  we 
ignite,  but  the  mixture  of  gas  and  air. 

"  On  the  taper  being  applied,  explosion  or  sudden 
ignition  then  takes  place  of  just  so  much,  or  so  many 
groups  of  the  gas  and  air  as  have  obtained  the  necessary 
atomic  contact,  and  no  more. 

"  That  a  high  temperature  must,  unintermittingly,  be 
maintained  in  the  chamber  part  of  the  furnace,  will  at 
once  be  understood,  when  we  consider  that  flame,  con- 
tinuous though  it  appears  to  be,  is  but  a  rapid  succession 
of  electric  explosions  of  atoms,  or  groups  of  atoms,  of  one 
of  the  constituents  of  gas  —  the  hydrogen  with  oxygen ; 
and  as  rapidly  as  their  respective  atoms  obtain  access  and 
contact  with  each  other,  the  second  constituent — the  car- 
bon— taking  no  part  in  such  explosions.  Whatever,  there- 
fore, interrupts  the  succession  (that  is,  allows  the  explo- 
sion of  one  group  to  be  terminated  before  another  is  ready, 
and  within  the  range  of  its  required  temperature),  virtually 
causes  the  flame  to  cease ;  in  ordinary  language,  puts  it  out. 

"  Again,  if  by  any  cooling  agency  we  reduce  the  tem- 
perature below  that  of  accension,  or  kindling,  the  effect 
is  the  same :  the  succession  is  broken,  and  the  continuous- 
ness  of  the  flame  ceases ;  as  when  we  blow  strongly  on 
the  flame  of  a  candle,  by  which  we  so  cool  down  the 
atoms  of  gas  that  they  become  too  cold  for  ignition,  and 
pass  away  in  a  grey-coloured  vapour,  but  which,  by  con- 
tact with  a  lighted  taper,  may  again  be  ignited  and  the 
succession  restored. 

"  Thus  we  see  there  are  two  modes  by  which  flame 
may  be  intercepted,  that  is,  extinguished ;  both  of  which 
are  momentarily  in  operation  in  our  furnaces: — 1st,  by 
the  want  of  successive  mixture  or  groupings  of  air  and 
gas:  2nd,  when  the  gas  is  reduced  in  temperature  by 
cooling  agencies,  as  will  hereafter  be  shown." 

From  these  extracts,  and  taking  into  account  the  care- 
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fully  conducted  experiments  of  Sir  Humphry  Davy,  there 
cannot  exist  a  doubt  as  to  the  necessity  which  exists  for 
preventing  a  surcharge  of  cold  air  acting  upon  the  fur- 
nace. Its  high  temperature  is  essential  to  its  efficiency, 
either  as  regards  economy  in  the  use  of  the  fuel,  or  the 
equivalents  of  ignition  with  atmospheric  air. 

The  question  of  temperature  applied  to  combustion  is 
therefore  one  of  great  interest.  It  involves  many  con- 
siderations, both  mechanical  and  chemical,  and  although 
apparently  of  easy  attainment,  it  is  nevertheless  sur- 
rounded with  many  difficulties.  Our  knowledge  of  high 
temperatures,  as  well  as  our  instruments  for  measuring 
their  intensities,  are  far  from  perfect ;  and  we  have  yet 
to  learn  at  what  temperature  the  gases  unite,  or,  as  Mr. 
Williams  calls  it,  ignite  "  in  a  series  of  electric  explo- 
sions" with  atmospheric  air.  This  temperature,  or  rather 
the  lowest  temperature  at  which  the  gases  and  atmospheric 
air  will  unite,  has  not  yet  been  ascertained :  some  fix  it 
at  800°,  and  some  others  at  1000°  of  Fahrenheit.  These 
degrees  of  temperature  are,  however,  highly  problematical, 
as  Sir  H.  Davy's  experiments  seem  to  prove  that  a  white 
heat  is  necessary  to  produce  the  phenomena  of  combus- 
tion ;  and  as  atmospheric  air  seldom  exceeds  80°  to  90° 
of  temperature,  it  is  evident,  that  when  air  of  this  tem- 
perature is  poured  upon  the  incandescent  fuel,  it  will  rob 
the  evolving  gases  of  a  portion  of  the  heat  essential  to 
combination,  and  thus  reduce  the  temperature  in  many 
cases  below  the  point  of  ignition. 

The  combustion  of  fuel  is  to  all  appearance  an  easy  as 
well  as  a  natural  process ;  but  on  mature  consideration  it 
will  be  found  that  before  we  can  arrive  at  sound  practice, 
we  must  have  some  knowledge  of  science ;  and  before  we 
can  make  a  single  step  in  advance,  it  must  be  done  through 
those  laws  which  the  Great  Author  of  Nature  has  so 
bountifully  and  so  invitingly  supplied  for  our  guidance. 
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LECTURE  IX. 

ON  THE  ECONOMY  OF  FUEL,  CONCENTRATION  OF 
HEAT,  AND  PREVENTION  OF  SMOKE. 

IRRESPECTIVELY  of  the  intensity  of  heat,  form  of  boilers, 
and  quality  of  fuel,  as  described  in  the  last  Lecture,  there 
are  other  conditions  connected  with  the  phenomena  of 
combustion  which  require  attentive  consideration  before 
that  process  can  be  called  perfect,  or  before  economy  or 
the  prevention  of  smoke  can  be  attained.  It  is  perfectly 
clear,  that  although  we  may  possess  abundance  of  excellent 
fuel,  and  a  perfect  knowledge  of  all  the  elements  necessary 
for  its  combustion,  yet  we  are  still  far  short  of  attaining 
our  object,  unless  due  regard  to  economy  is  strictly  kept 
in  view.  A  manufacturer  may  have  well-proportioned 
boilers,  excellent  furnaces,  and  good  fuel,  but  with  all 
these  advantages  he  will  not  succeed,  unless  the  whole  of 
the  elements  at  his  command  are  properly  and  economically 
combined,  and  that  upon  fixed  laws  already  determined 
for  his  guidance.  Count  Rumford,  in  his  admirable 
"  Essays  on  the  Economy  of  Heat,"  truly  observes,  that 
"  No  subject  of  philosophical  inquiry  within  the  limits  of 
human  investigation  is  more  calculated  to  excite  admira- 
tion and  to  awaken  curiosity  than  fire,  and  there  is  cer- 
tainly none  more  extensively  useful  to  mankind.  It  13 
owing,  no  doubt,  to  our  being  acquainted  with  it  from  our 
infancy  that  we  are  not  more  struck  with  its  appearance, 
and  more  sensible  of  the  bene6ts  we  derive  from  it. 
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Almost  every  comfort  and  convenience  which  man  by  his 
ingenuity  procures  for  himself  is  obtained  by  its  assistance, 
and  he  is  not  more  distinguished  from  the  brute  creation 
by  the  use  of  speech  than  by  his  power  over  that  won- 
derful agent" 

Such  was  the  opinion  of  one  of  the  most  eminent 
philosophers  of  his  time,  and  such  were  the  pertinency  of 
his  remarks  and  the  depth  of  his  researches,  that  had  he 
lived  in  the  present  instead  of  the  close  of  the  last  century, 
he  would  not  only  have  extended  and  enlarged  our  views 
on  the  management  and  economy  of  heat,  but  he  would 
have  expressed  astonishment  at  the  increase,  the  immense 
extent  of  expenditure,  and  the  lavish  and  culpable  waste 
of  fuel  by  which  we  are  surrounded  on  every  side.  It  is 
true  we  have  some  exceptions  to  this  rule,  such  as  the 
engine  boilers  in  Cornwall  and  some  parts  of  the  Continent, 
where  fuel  is  expensive;  but  taking  the  aggregate,  it 
might  be  said,  without  fear  of  contradiction,  that  if  one- 
half  of  the  fuel  now  used  were  properly  applied,  it  would 
perform  the  same  service,  and  afford  the  same  comforts,  as 
we  now  derive  from  the  whole  consumption  of  our  mineral 
products.  This  is  a  great  reflection  upon  the  philosophy 
and  the  economy  of  the  age,  and  I  think  it  can  be 
shown  that  one-half  the  fuel  now  wasted  might  be  saved 
with  great  advantage  to  individuals,  and  with  increased 
benefit  as  well  as  comfort  to  the  public.  The  wasteful 
expenditure  which  exists  does  not  arise  so  much  from 
ignorance  as  from  prejudice,  and  a  close  adherence  to  old 
and  imperfect  customs.  We  all,  more  or  less,  venerate 
the  works  of  antiquity,  but  unfortunately  we  forget  to 
draw  the  distinction  between  what  is  really  ancient  and 
sound  in  principle  and  what  is  imperfect  in  practice. 
Hence  follows  a  blind  adherence  to  established  usage,  and 
the  consequent  propagation  of  all  the  defects  as  well  as  the 
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perfections  of  the  system.  Now  this  state  of  things  should 
not  exist,  as  we  have  the  experiments  of  Watt,  Rumford, 
Davy,  Parkes,  and  many  others,  before  us ;  and  adding 
to  these  the  excellent  treatise  of  Mr.  C.  W.  Williams  on 
the  combustion  of  coal  and  prevention  of  smoke,  we 
are  enabled  by  these  means  to  establish  a  sound  and 
much  more  perfect  and  economical  system  of  combus- 
tion. Keeping  these  objects  in  view,  we  shall  en- 
deavour to  determine  some  fixed  principle  on  which  may 
be  founded  the  prevention  of  smoke,  concentration  of  heat, 
and  economy  of  fuel. 

It  is  well  known  that  in  practical  operations  there  is  no 
combustion  without  oxygen  as  its  supporter :  and  as  that 
important  element  cannot  be  procured  for  general  pur- 
poses without  the  other  constituents  of  atmospheric  air,  it 
follows,  that  in  order  to  effect  combustion,  a  regular  supply 
of  this  compound  must  be  constantly  at  command.  Now 
it  is  not  the  facility,  but  the  control  and  regulation,  of  the 
supply  of  air  which  requires  attention,  and  on  this  point 
of  the  inquiry  we  must  refer  to  the  researches  of  Mr. 
C.  W.  Williams,  where,  in  speaking  of  "  gaseous  com- 
binations," he  shows  that  much  depends  upon  the  con- 
ditions and  proportions  in  which  the  gases  evolved  during 
the  process  of  combustion  combine  with  the  oxygen  of  the 
air.  And  in  order  to  effect  this  it  is  necessary  for  those 
entrusted  with  the  management  of  furnaces  to  know  the 
"equivalents"  or  definite  proportions  under  which  these 
combinations  take  place.  On  this  head  it  will  be  sufficient 
to  observe,  that  the  principal  gases  evolved  from  coal  in  a 
state  of  combustion,  are  light  carburetted  hydrogen,  heavy 
carburetted  hydrogen  or  olefiant  gas,  and  some  others, 
such  as  carbonic  acid  gas,  carbonic  oxide,  &c.,  the  pro- 
perties of  which  it  is  not  requisite  on  this  occasion  to 
investigate,  but  to  confine  the  inquiry  to  the  union  of 
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light  carburetted  hydrogen  and  heavy  carburetted  hydro- 
gen with  the  oxygen  of  the  atmospheric  air.  Following 
therefore  the  Daltonian  theory,  it  will  be  found  that  the 
constituents  of  one  atom  of  light  carburetted  hydrogen  or 
bicarburetted  hydrogen,  consists  of  the  following  symbols, 
each  representing  an  atom,  and  the  figures  the  weight:  — 

Bicarburetted  hydrogen. 


Bicarburetted  hydrogen  is  therefore  composed  of  2  equiv. 
hydrogen  and  1  equiv.  carbon  =  1  equiv.  bicarburetted 
hydrogen.  In  weight  2  hydrogen  +  6  carbon  =  8  bicar- 
buretted hydrogen.  The  constituents  of  heavy  car- 
buretted hydrogen  are,  2  equiv.  hydrogen  and  2  equiv. 
carbon  =  1  equiv.  heavy  carburetted  hydrogen.  In  weight, 
2  hydrogen  and  12  carbon,  or  2  +  12=14  heavy  car- 
buretted hydrogen. 

These  are  the  two  principal  gases  which  require  atten- 
tion, and  as  the  oxygen  of  the  air  is  an  element  that  can- 
not be  dispensed  with,  the  object  of  our  next  inquiry  will 
be  the  quantity  and  constituents  of  atmospheric  air. 

According  to  the  best  authorities,  atmospheric  air  is 
found  in  the  proportion  of  1  equiv.  of  oxygen  to  2  equiv. 
of  nitrogen,  or,  according  to  Mr.  Williams  (and  adopting 
the  figures  as  representing  the  weights  as  before) :  — 
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Atmospheric  air. 


Having  thus  ascertained  the  constituents  and  equiva- 
lents in  which  the  combustible  and  incombustible  gases 
combine,  it  will  easily  be  determined  what  quantity  of 
atmospheric  air  will  be  necessary  to  support  and  effect 
perfect  combustion  of  the  fuel  of  which  the  above  are 
constituents.  For  this  purpose  it  will  be  observed  that  a 
very  considerable  quantity  of  air  must  be  brought  in 
contact  with  the  incandescent  fuel,  before  the  process  of 
combustion  can  be  effected ;  and  having  already  deter- 
mined the  constituents  of  each,  we  must  next  determine 
the  quantity  of  air  required  for  the  purpose  of  supporting 
the  entire  combustion  of  the  gases,  without  producing  a 
diminution  of  the  temperature  in  the  process. 

Mr.  T.  Symes  Prideaux,  in  a  lecture  recently  delivered 
to  the  Members  of  the  United  Service  Institution,  states, 
in  allusion  to  coal  and  its  constituents,  that  different  kinds 
vary  considerably  in  their  component  parts  and  their 
relative  proportions  to  each  other.  From  these  differences 
he  assumes  —  as  a  convenient  standard  of  illustration  — 
that  100  parts  of  coal  consist  of  80  parts  of  carbon  and  5 
of  hydrogen,  leaving  out  of  view  the  other  elementary 
substances  which  enter  into  their  composition  (consisting 
of  oxygen,  nitrogen,  sulphur  and  incombustible  ashes, 
composed  chiefly  of  sand  and  clay  in  various  proportions) 
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as  only  likely  to  complicate  the  question,  without  being 
essential  to  its  illustration. 

Mr.  Prideaux  assumes  the  proportion  of  80  and  5  for 
the  composition  of  coal,  on  account  of  its  practical  con- 
venience, as  it  enables  him  to  prove  that — 

"  As  hydrogen  furnishes — weight  for  weight — four  times  as  much  heat  as 
carbon,  the  5  parts  of  hydrogen  will  furnish  20  per  cent,  of  the  whole  heat, 
and  the  80  parts  of  carbon  80  per  cent.,  being  the  same  proportionate  part 
of  the  heat  as  it  forms  by  weight  of  the  fuel ;  100  Ibs.  of  coal  consist  then  of 
80  Ibs.  of  carbon  and  5  Ibs.  of  hydrogen." 

In  these  statements  Mr.  Prideaux  goes  on  to  state  — 

"  That  carbon  may  be  said  to  be  the  grand  material  out  of  which  the 
vegetable  and  animal  worlds  are  formed ;  and  hence,"  he  observes,  **  its 
abundance  in  coal — the  fossilised  remains  of  the  luxuriant  vegetation  of  an 
earlier  geological  epoch, 

"  All  vegetable  and  animal  substances,  if  only  partially  burnt  (that  is  to 
say,  raised  to  a  high  temperature  without  a  free  supply  of  air),  are  con- 
vertible into  charcoal ;  or,  more  correctly  speaking,  this  is  left  as  a  residue 
after  the  more  volatile  constituents  are  driven  off  by  heat,  assuming  various 
forms  according  to  its  previous  state  of  aggregation  ;  as  common  or  wood- 
charcoal,  coke  or  coal- charcoal,  ivory  black  or  fane-charcoal,  tinder  or /men- 
charcoal.  The  whole  of  the  carbon  these  substances  contain  is  not,  how- 
ever, left  behind  after  partial  burning  or  dry  distillation.  The  hydrogen 
present  in  them  exists  in  a  state  of  chemical  combination  with  carbon,  and, 
when  heated,  this  volatile  substance  passes  off  with  the  carbon  with  which 
it  is  combined  in  the  gaseous  form  as  carburctted  hydrogen,  a  gas  consisting 
of  1  part  by  weight  of  hydrogen  to  3  of  carbon. 

"  Thus  as  hydrogen,  in  carburetted  hydrogen  or  coal-gas,  is  combined 
with  three  times  its  own  weight  of  carbon,  in  a  coal  containing  5  Ibs.  of 
hydrogen  and  80  Ibs.  of  carbon  in  the  100  Ibs. ;  15  lbs.of  the  carbon  exist  aa 
carburetted  hydrogen,  and  pass  off  in  the  gaseous  form  upon  the  applica- 
tion of  heat.  This  is,  in  fact,  the  coal-gas  we  use  for  illuminating  pur- 
poses, of  which  lOOlbs.  of  such  a  coal  would  furnish  20 Ibs.,  or  about  470 
cubic  feet. 

44  Now  since,  weight  for  weight,  hydrogen  affords  on  combustion  four 
times  the  quantity  of  heat  that  carbon  does,  this  20  Ibs.  of  carburctted 
hydrogen,  consisting  aa  it  does  of  3  Ibs.  of  hydrogen  and  15  Ibs.  of  carbon, 
represents  35  per  cent  of  the  heating  power  of  the  coal." 

Mr.  Prideaux,  having  discussed  the  relative  properties 
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and  proportions  of  hydrogen  and  carbon  in  coal,  then  pro- 
ceeds to  observe,  that,  in  order  to  obtain  a  clear  per- 
ception of  the  conditions  necessary  for  the  economic 
prevention  of  smoke,  two  important  points  are  required, 
namely,  — 

"  The  admission  of  tfie  right  QUANTITY  of  air  in  the  first  place,  and  the 
supply  of  an  adequate  amount  of  HEAT  to  ensure  ignition  in  the  second.'1 

This,  according  to  the  writer,  is  the  true  and  correct 
method  of  obtaining  from  the  fuel  all  the  heat  it  is  capable 
of  yielding;  or  in  other  words,  it  entails  the  prevention 
of  smoke,  — 

"  Inasmuch  as  all  smoke  consists  of  a  portion  of  the  carbon  of  the  fuel 
passing  off  uuburnt." 

To  attain  these  objects,  and  to  prevent  the  escape  of  the 
unconsumed  carbon,  Mr.  Prideaux  asks  himself  this 
question,  viz.,  How  can  these  two  simple  conditions  — 
the  right  quantity  of  air  and  sufficient  heat  —  be  best 
practically  attained,  and  thus  perfect  combustion  and  its 
concomitant  absence  of  smoke  be  ensured?  This,  he 
maintains,  is  done  by  the  admission  of  air  through  the 
furnace-door,  varying  the  supply  according  to  the  wants 
of  the  furnace,  or,  as  Mr.  Prideaux  expresses  it,  — 

M  The  demand  of  the  furnace  for  air  varies  greatly  with  the  state  of  gasi- 
fication of  the  fuel,  the  quantity  of  air  being  greatest  just  after  the  period  of 
coaling,  and  gradually  lessening  till  gasification  is  complete." 

Following  the  same  reasoning  as  before,  and  assuming 
100  Ibs.  of  coal  to  consist  of  80  Ibs.  of  carbon  and  5  Ibs. 
of  hydrogen,  Mr.  Prideaux  goes  on  to  state,  that — 

u  Since  the  oxygen  is  to  the  carbon  in  carbonic  acid  as  16  to  5,  to  effect 
perfect  combustion,  SOlbs.  of  carbon  will  require  213J  lbs.  =  2527  cubic 
feet  of  oxygen,  to  furnish  which  967*26  Ibs.  =  12635  cubic  feet  of  atmo- 
spheric air  will  be  required  ;  and  since  oxygen  is  to  hydrogen  in  water  as 
8  to  1,  5  Ibs.  of  hydrogen  will  require  40  Ibs. =473  cubic  feet  of  oxygen,  or 
181-5  Ibs.  =236-5  cubic  feet  of  atmospheric  air.  Hence,967'26  Ibs.  +  181-5  =• 
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1 148-76  Ibs.  =  1 5,000  cubic  feet  of  air,  required  for  the  combustion  of  100  Ibs. 
of  coal." 

The  products  of  combustion  according  to  this  statement, 
therefore,  will  be  2527  cubic  feet  of  carbonic  acid,  946 
cubic  feet  of  steam,  and  12,000  feet  of  uncombined 
nitrogen. 

From  the  foregoing  extracts,  it  will  be  seen  that  in 
the  assumption  that  100  Ibs.  of  coal  contain  80  Ibs.  of 
carbon  and  5  Ibs.  of  hydrogen,  Mr.  Prideaux  does  not 
differ  widely  from  the  chemical  combinations  given  by 
Mr.  C.  W.  Williams.  The  only  question  wherein  they 
appear  to  differ,  is  the  mode  of  introducing  the  air  to 
the  furnace,  Mr.  Prideaux  recommending  a  variable  or 
gradually  diminishing  supply  of  air  through  division- 
plates  at  the  mouth  of  the  furnace,  and  Mr.  Williams 
contending  for  a  uniform  admission — by  its  subdivision 
into  minute  jets — on  the  principle  of  the  Argand  lamp; 
or,  as  Mr.  Williams  properly  calls  it,  the  Argand  furnace. 
Both  these  methods  have  the  desired  effect  in  preventing 
smoke  when  the  furnace  is  properly  charged  and  judi- 
ciously managed. 

On  this  part  of  the  subject  several  other  and  able 
authorities  may  be  quoted;  but  taking  that  of  Professor 
Brande  (as  given  by  Mr.  Williams),  the  following  Table 
indicates  the  relative  weights  of  the  atoms  both  before 
and  after  combustion :  — 

Before  Elementary  Products  of 

Combustion.  Mixtures.  Combustion. 

Weight.     Atoms.  Weight.  Weight. 

•g  g  T 1  Carbon          - ,     6 —^  22  Carbonic  acid. 

;§>•{  1  Hydrogen      -       1 —^-^^  9  Steam. 

7  I  1  Hydrogen      -       1 ^s"^s^^s^s   9  Steam. 


1  Oxygen 
1  Oxygen 
1  Oxygen 
1  Oxygen 
8  Nitrogen  -  1 1 2  1 1 2  T  Uncombined 

— —  1      nitrogen. 

152  152 


ON   THE   ECONOMY   OP   FUEL,  ETC. 


203 


Again,  for  the  olefiant  gas,  or  heavy  carburetted  hy- 
drogen, we  have,  — 


Before 
Combustion. 


Weight. 


w 

216  I 


Atoms. 

1  Carbon      - 
1  Carbon 
1  Hydrogen 
1  Hydrogen 


1  Oxygen 
1  Oxygen 
1  Oxygen 
1  Oxygen 
1  Oxygen 
1  Oxygen 
.12  Nitrogen 


Product*  of 
Combustion. 
Weight. 

22  Carbonic  acid. 
22  Carbonic  acid. 
9  Steam. 
9  Steam. 


f  Uncombined 
1 68  \     nitrogen. 


230  230  230 

From  the  above  it  appears  obvious  that  in  every 
instance  of  combustion  the  nitrogen  or  azotic  gas  (which 
forms  so  great  a  proportion  of  atmospheric  air)  is  about 
four  times  the  volume  and  three  and  a  half  times  the 
weight  of  the  oxygen,  and  being  in  itself  incombustible,  is 
absolutely  of  no  use  either  as  a  combustible  or  as  a 
supporter  of  combustion.  On  the  contrary,  it  is  exceed- 
ingly injurious,  for  whilst  it  does  not  combine  with  the 
other  gases,  it  at  the  same  time  reduces  the  temperature 
of  the  flame,  and  thus  deprives  the  fuel  of  a  great  portion 
of  its  heat,  which  otherwise  would  (as  in  the  case  of  the 
Bude  light)  have  given  much  greater  intensity  of  heat 
and  greater  brilliancy  in  its  illuminating  powers.  Find- 
ing it,  however,  impossible  to  separate  the  nitrogen  from 
the  oxygen  of  the  air  (for  general  purposes),  we  must 
take  the  mixture  as  it  is,  and  instead  of  using  1  atom 
of  oxygen,  we  must  take  2  of  nitrogen  along  with  it; 
and  as  4  atoms  of  oxygen  and  8  of  nitrogen  are  re- 
quired for  the  ignition  of  1  atom  of  light  carburetted 
hydrogen,  it  follows  that  ten  times  the  quantity  of  air 
in  volume,  and  eighteen  times  the  weight,  will  be  neces- 
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sary  for  that  purpose.  Again,  for  the  ignition  of  1  atom 
of  heavy  carburetted  hydrogen,  we  must  have  6  atoms 
of  oxygen  and  12  of  nitrogen,  and  the  atmospheric  air 
must  be  fifteen  times  the  volume  of  the  olefiant  gas  in 
order  to  have  perfect  combustion.  Fifteen  to  one  is 
therefore  the  true  proportion  of  atmospheric  air  required 
for  attaining  the  perfect  combustion  of  coal-gas,  and  for 
reducing  the  gases  to  their  ultimate  products  of  carbonic 
acid  and  water.* 

Having  determined  the  conditions  and  relative  propor- 
tions of  the  gases  and  their  supporters  in  a  state  of  per- 
fect combustion,  it  will  be  seen  that  in  order  to  ensure 
economy  and  effect  in  the  combustion  of  fuel,  a  large 
and  copious  supply  of  air  must  be  admitted  to  the  furnace, 
and  that  in  the  ratio  of  15  volumes  of  air  to  1  of  coal-gas. 
It  is  difficult  to  determine  the  exact  quantities  evolved 
from  every  description  of  fuel,  and  probably  equally  so  to 
supply  its  equivalent  of  air ;  but  in  order  to  attain  cer- 
tainty in  this  respect,  let  the  openings  be  made  sufficiently 
large,  and,  by  a  little  attention  to  the  quality  of  the  fuel 
and  quantity  of  air  required  for  its  combustion,  the  aper- 
tures may  be  contracted  till  such  time  as  a  mean  average 
and  a  close  approximation  to  the  maximum  effect  are 
obtained. 

The  Concentration  of  Heat  is  a  consideration  of  much 
importance  in  the  economy  of  the  steam-engine  and  the 
industrial  arts ;  and  as  much  depends  upon  the  preserva- 
tion of  this  heat,  it  may  be  useful  in  this  place  to  direct 
attention  to  a  few  self-evident  facts,  which,  if  properly 
attended  to,  will  lead  to  considerable  saving  in  the  use 
and  application  of  heat. 

*  When  flame  is  applied  to  a  mixture  of  1  vol.  of  olefiant  gas  and  1 5 
vols.  of  atmospheric  air,  explosion  takes  place,  the  products  being  carbonic 
acid,  water,  nitrogen :  thus  we  have 

1  YoL  olefiant  gas  +15  vols.  air = C3H3  +  06  +  N,r 
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It  cannot  be  doubted  that,  after  having  applied  the 
rules,  conditions,  and  proportions  requisite  for  the  gene- 
ration of  heat,  the  whole  of  our  knowledge  may  become 
useless  unless  the  heat  thus  generated  be  closely  pre- 
served, and,  if  I  may  use  the  expression,  kept  warm.  It 
would  be  worse  than  useless  to  study  economy  in  one 
department  so  long  as  a  lavish  expenditure  goes  on  in 
another;  and  having  once  acquired  a  given  quantity  of 
heat,  the  next  thing  to  be  done  is  to  retain  and  prevent 
its  escape.  Caloric  is  a  body  which  radiates  in  all  direc- 
tions, and  unless  surrounded  with  warm  clothing  or 
non-conducting  substances,  it  is  sure  to  disappear;  and, 
although  tightly  bottled  up,  it  sets  at  defiance  the  closest 
and  hardest  metals,  and  frequently  escapes  through  the 
pores  of  the  thickest  iron  and  steeL  Unlike  gases  and 
fluids,  such  as  air  and  water,  it  is  only  kept  within  bounds 
by  an  envelope  of  soft  wool  or  pounded  charcoal,  and  the 
highest  temperature  of  heat  may  sometimes  be  retained 
by  a  solid  compact  mass  of  lime  and  baked  clay.  This  is 
strongly  exemplified  in  the  construction  of  ovens  and 
furnaces,  which,  taken  as  a  rule,  will  establish  the  prin- 
ciple on  which  heat  can  be  preserved  without  diminution 
till  it  is  used.  For  this  purpose  we  should  recommend 
the  flues  and  furnaces  of  boilers  and  other  fires  to  be 
closely  encased  with  good  building  material  adapted  for 
the  retention  of  heat,  and  all  steam-boilers  to  be  well 
covered  and  clothed,  so  as  to  prevent  (as  much  as  possible) 
the  escape  of  heat  in  that  direction,  and  for  steam-engines, 
that  all  the  steam-pipes,  cylinders,  &c.  should  be  closely 
enveloped  in  a  thick  coating  of  felt,  canvas,  or  wood,  and 
afterwards  well  painted.  These  precautions  being  taken, 
the  effects  will  soon  become  visible  in  a  saving  of  15  to 
20  per  cent,  of  fuel. 

On  the  Prevention  of  Smoke. 

The  ultimatum  of  this  inquiry  is  twofold;  first,  the 
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combustion  of  fuel;  and  secondly,  the  prevention  of 
smoke.  In  the  preceding  investigation  we  have  endea- 
voured to  establish  the  laws  which  regulate  and  govern 
the  combustion  of  fuel,  and  in  that  attempt  we  have  also 
endeavoured  to  show  the  difference  between  perfect  and 
imperfect  combustion.  Now,  perfect  combustion  is  the 
prevention  of  smoke,  and  whenever  smoke  makes  its  ap- 
pearance, we  may  reasonably  infer  that  there  is  imperfect 
combustion,  and,  probably,  the  want  of  attention  to  a  few 
simple  rules  is  the  cause.  We  have  already  inculcated 
these  rules,  and  shown  from  well-known  chemical  facts, 
that  1  atom  of  coal-gas  requires  8  atoms  of  atmospheric 
air  for  its  complete  combustion;  when  that  quantity  is  at 
its  maximum  or  in  excess,  there  is  no  smoke  ;  when  this  con- 
dition is  not  fulfilled  smoke  is  invariably  present.  It  there- 
fore follows,  that,  in  order  to  render  the  residue  of  the 
products  of  combustion  transparent  or  "smokeless"  a 
supply  of  air,  amounting  to  fifteen  times  that  of  the  gases 
evolved,  must  be  admitted.  Should  it  exceed  that  quan- 
tity, the  effect  will  not  be  smoke,  but  an  additional  expen- 
diture of  fuel  to  supply  the  loss  of  heat  which  this  excess 
of  air  would  require  for  absorption,  rarefaction,  &c. 
Hence  the  necessity  which  exists  for  power  to  regulate 
the  admission,  if  not  the  exact,  at  least  of  an  approximate 
quantity  of  air.  On  the  other  hand,  should  the  supply 
be  deficient  in  quantity  (which  is  often  the  case),  a  dense 
volume  of  smoke  is  then  visible,  accompanied  with  all  the 
defects  and  annoyances  of  imperfect  combustion. 

The  variable  changes  which  accompany  perfect  and 
imperfect  combustion  are  not  only  visible,  but  may  be 
proved  by  experiment.  Let  any  person  apply  his  hand 
to  the  tube  of  an  Argand  gas-burner,  and  he  will  find 
that  the  instant  the  aperture  is  partially  closed,  the  flame 
immediately  becomes  elongated,  and  instead  of  a  clear 
brilliant  light,  a  dull  red  flame,  with  a  dark  volume  of 
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smoke,  is  the  result.  This  shows  the  effect  of  a  dimi- 
nished supply  of  air;  and  the  same  may  bd  applied  to  a 
steam-engine  furnace,  when  imperfectly  supplied  with 
oxygen,  when  the  gases  pass  off  in  opaque  volumes  uncon- 
sumed,  and  where  a  considerable  portion  of  heat  is  en- 
tirely lost  from  that  cause.  It  has  been  stated  that  we 
cannot  have  fire  without  smoke;  but  this  is  not  the  case 
in  steam-boilers,  as  a  well-constructed  furnace,  properly 
managed,  furnishes  many  examples  where  bituminous 
coal  is  consumed  in  large  quantities,  and  with  little,  if 
any,  appearance  of  smoke.  If  coal  were  double  the  price, 
it  is  more  than  probable  that  a  great  improvement  would 
shortly  present  itself,  and  that  not  exclusively  in  the 
suppression  of  the  smoke  nuisance,  but  in  a  further  ex- 
tension of  those  duties  wherein  economy  becomes  a  lead- 
ing feature  in  the  attainment  of  these  objects.  It  is 
therefore  futile  to  urge  difficulties  which  have  already 
been  overcome,  and  where,  in  many  instances,  "the  pre- 
vention of  smoke"  is  accomplished  with  perfect  ease,  and 
with  great  benefit  to  the  parties  concerned.  In  attempt- 
ing the  total  suppression  of  this  nuisance,  two  important 
considerations  require  to  be  attended  to  as  essential ;  the 
first  of  which  is  abundance  of  boiler  space,  and  the  second 
a  sufficient  supply  of  air.  For  the  last  of  these  we  have 
already  given  sufficient  instructions  for  its  admission ;  and 
for  the  first  we  could  not  furnish  a  better  rule  for  the 
capacity  and  power  of  boilers  than  that  which  applies  to  the 
steam-engine,  namely,  that  of  raising  33,000  Ibs.  1  foot 
high  in  a  minute.  For  example,  suppose  a  steam-engine 
of  50  nominal  horse  power  to  be  worked  according  to  the 
indicator  up  to  80-horse,  which,  taken  at  33,000  Ibs.  1 
foot  high  in  a  minute,  we  have  then  to  calculate,  from 
data  already  given,  the  size  of  boilers  required.  Using 
these  precautions,  and  never  loading  the  steam-engine 
beyond  its  nominal  power  without  enlarging  the  boilers 
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in  proportion,  the  effects  will  be  an  almost  total  suppres- 
sion of  smoke,  and  a  saving  of  fuel. 

To  all  those  practically  acquainted  with  the  subject,  it 
is  well  known  that  a  boiler  of  limited  capacity,  when 
overworked,  must  be  forced,  and  this  forcing  is  the  gan- 
grene which  corrupts  and  festers  the  whole  system  of  opera- 
tions. Under  such  circumstances  perfect  combustion  is 
out  of  the  question,  and  any  attempt  at  economy  is,  as 
heretofore,  a  complete  failure.  I  have  been  the  more 
particular  on  these  points  from  having  witnessed  innu- 

IMPROVED   DOUBLE   FLUED   STATIONARY   BOILER. 

Fig.  17. 
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merable  errors  and  mistakes  in  this  respect,  and  it  cannot 
be  too  forcibly  impressed  upon  the  minds  of  the  public, 


Fig.  19 


Fig.  20. 


SECTION   AT   AB. 


FRONT   OF   BOILER. 


that  a  LARGE  BOILER  is  one  of  the  essentials  absolutely 
necessary  for  the  attainment  of  the  various  objects  already 
insisted  upon. 

Figs.  17  and  18  represent  a  plan  and  longitudinal  sec- 
tion of  the  boiler,  with  double  flues  and  double  fur- 
naces, and  figs.  19  and  20  a  transverse  section  and  end 

"  O 

view.  In  these  representations  it  will  be  seen  that  the 
gases  emitted  from  the  furnaces  a,  ax,  are  con- 
ducted along  the  internal  tubes  into  the  return  flue  b. 
From  b  they  cross  under  the  boiler  below  the  ash-pit 
into  the  flue  c,  and  from  thence  along  the  opposite  side 
of  the  boiler  into  the  main  flue  d,  which  communicates 
with  the  chimney.  From  this  description  it  will  be  ob- 
served that  the  gases  do  not  unite  until  they  have  reached 
e  e  at  the  end  of  the  boiler.  As  this  point  a  change 
immediately  takes  place  in  the  gaseous  products,  and  that 
from  one  of  two  causes,  as  follows :  suppose  the  furnace 
ax  to  be  newly  fired,  and  the  fuel  in  it  in  a  perfectly 
incandescent  state,  it  then  follows  that  the  gases  passing 
from  a  will  not  only  be  different  in  their  constituents  to 
those  from  a  x  ,  but  they  are  at  a  much  higher  tempera- 
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ture  ;  and  both  furnaces  having  received  air  as  a  constant 
quantity  through  the  fixed  apertures  ff,  it  will  be  seen 
that,  in  the  event  of  a  surcharge  of  air  on  one  side  and  a 
diminished  supply  on  the  other,  their  extremes  are  neu-  - 
tralised  by  the  excess  of  oxygen  thus  introduced,  and  the 
increased  temperature  which  effects  ignition  in  the  fur- 
nace as  well  as  at  the  point  e,  where  combination  takes 
place.  All  that  is  therefore  necessary  is  to  replenish  the 
fires  alternately  every  twenty  minutes,  in  order  to  effect 
the  combustion  of  the  gases  without  the  least  appearance 
of  smoke.  These,  and  the  increased  recipient  surface, 
are  the  leading  properties  of  this  boiler,  which  compared 
with  others  having  single  flues,  is  found  to  be  greatly 
superior  either  as  regards  the  combustion  or  the  economy 
of  fuel. 

General  summary  of  results. 

In  briefly  recapitulating  the  experiments,  observations, 
and  results  obtained,  it  will  be  seen  that  in  the  procure- 
ment and  employment  of  heat  a  number  of  important 
matters  have  to  be  considered. 

1st.  The  quality  and  properties  of  the  fuel  used. 

2nd.  Its  treatment  in  the  furnace,  and  the  supply  of 
air  requisite  for  its  combustion. 

3rd.  The  form  of  boilers,  and  the  extent  of  their  ab- 
sorbent surfaces. 

4th.  The  concentration  and  economy  of  heat.     And 

Lastly.     The  prevention  of  smoke. 

These  have  been  treated  upon  in  their  respective  order, 
and  all  that  now  remains  is  to  collect  them  into  form, 
and  draw  such  conclusions  as  will  enable  practical  men 
to  understand  and  apply  the  means  necessary  for  their 
fulfilment 

From  what  has  been  stated,  and  from  the  many  facts 
collected  and  experiments  made,  it  will  appear  conclusi 
that  a  much  better  and  more  comprehensive  system  of 
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combustion  can  be  accomplished  ;  and  by  attention  to  the 
following  results,  great  and  important  advantage  may 
be  obtained. 

Among  the  varied  species  of  fuel  enumerated  in  the 
foregoing  experiments,  there  will  be  found  ten  different 
sorts  of  coal,  each  exhibiting  its  peculiar  properties  and 
compounds.  For  the  sake  of  brevity  and  deduction, 
these  may  be  divided  into  three  kinds,  namely,  the  an- 
thracite, the  bituminous,  and  the  splint.  Of  the  anthra- 
cite we  have  little  experience  beyond  a  knowledge  of  its 
most  striking  properties,  such  as  the  absence  of  smoke 
during  its  ignition.  It  is  a  coal  which  requires  a  large 
supply  of  oxygen  for  its  combustion,  and  instead  of  the 
furnace  usually  employed  for  the  consumption  of  the 
bituminous  kind,  it  would  require  one  possessing  the 
power  of  a  reverberatory  or  a  strong  blast  acting  upon 
it,  and  that  under  circumstances  of  a  minute  division  of 
its  part-. 

The  bituminous  kind  is,  however,  what  we  have  most 
to  do  with ;  and  on  reference  to  its  constituents,  it  will  be 
seen  that  a  specific  quantity  of  atmospheric  air  is  absolutely 
necessary  for  its  combustion,  amounting,  as  already  stated, 
to  fifteen  times  the  volume  of  gases  it  contains.  Now, 
from  a  number  of  well-conducted  experiments  on  the 
waggon -shaped,  and  the  improved  boilers  with  double 
flues,  it  was  ascertained  that  the  following  proportions  of 
permanent  openings  for  the  admission  of  air  behind  the 
fire-bridge  were  the  nearest  approach  to  perfect  com- 
bustion.* 

*  It  is  due  to  Mr.  John  Wakefield  (formerly  of  Manchester,  now  of 
Furnworth,  near  Bolton)  to  state  that  he  was  amongst  the  first  who  turned 
his  attention  to  the  admission  of  air  at  the  bridge,  behind  the  furnace,  for 
the  purpose  of  consuming  the  smoke  as  it  escaped  into  the  flues.  His 
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SUMMARY  OF  RESULTS,  obtained  from  seventeen  ex- 
periments with  fixed  apertures  for  the  admission  of  air 
behind  the  bridge  of  two  40-horse  power  boilers. 


Description  of  Boilers  and 
Number  of  Experiments 
made. 

Power  of 
Hollers  in 
Horses. 

Area  of 
Grate-bars 
in  Feet. 

Area  of  per- 
manent Aper- 
ture in  Square 
Inches. 

Number  of 
Square  Inches 
of  Aperture  t" 
every  Foot  of 
Grate-bar. 

Waggon-boiler,    mean 
of  10  experiments   - 
Double  furnace-boiler, 
mean   of  7    experi- 
ments    -        *       • 

40 
40 

28-0 
23-4 

46-3 
18-5 

T65 

•79 

Mean 

40 

25-7 

32-4 

1-26 

It  therefore  appears  that  about  26  square  feet,  and  32  J 
inches  of  permanent  aperture  for  the  admission  of  air,  is 
the  mean  of  the  old  and  improved  boilers. 

This  proportion  must  not,  however,  be  taken  as  a  cri- 
terion for  every  boiler,  as  much  depends  upon  the  prin- 
ciple on  which  they  are  constructed ;  and  it  will  be  safer 
to  adopt  the  mean  results  of  the  experiments  as  shown  in 
the  Table,  than  to  apply  them  without  exception  to  every 
description  of  boiler  and  furnace.  Taking,  therefore,  the 


first  furnace  was  constructed  on  a  plan  of  his  own,  having  a  hollow  bridge 
closed  at  the  top,  and  thus  rendering  it  an  air-chamber  connected  with 
openings  on  each  side  of  the  furnace.  On  this  plan  the  air  was  heated  bj 
the  passing  currents,  and  by  a  communication  from  the  air-chamber  to  an 
opening  in  the  arch  plate  over  the  furnace  door  ;  the  air  thus  rarefied  was 
forced  downwards,  by  the  form  of  the  opening  in  the  plate,  direct  upon  the 
fire.  A  variety  of  other  schemes  were  tried  by  Mr.  Wakefield,  some  of 
them  successfully  ;  and  it  is  only  justice  to  that  gentleman  to  state,  that  a 
considerable  portion  of  his  life  was  devoted  to  improvements  in  steam-boiler 
furnaces,  and  the  abatement  of  a  nuisance  which  at  that  period  (nearly  thirty 
years  ago)  was  justly  complained  of. 
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mean  of  the  whole  experiments,  we  may  safely  administer 
the  following  supply  of  air  behind  the  bridge. 

For  cylindrical,  waggon-shaped,  and  every  description 
of  boiler  of  the  usual  construction,  give  permanent  open- 
ing for  the  admission  of  air  of  1  £  square  inch  to  every 
square  foot  of  grate-bar ;  and  for  every  square  foot  of 
grate-bar  surface  in  the  double  furnace  and  double-flued 
boiler,  about  an  inch  for  the  same  purpose.* 

Practically  considered,  this  will  be  found  a  near  ap- 
proximation to  the  correct  quantity  of  air  required  for  the 
support  of  effective  combustion  in  each;  and  provided 
necessary  attention  is  paid  to  considerations  involving  the 
consumption  of  bituminous  coal,  of  different  kinds,  we  may 
reasonably  infer  a  greatly  improved  process  in  the  use  and 
absorption  of  our  minerals  fuels. 

In  the  combustion  of  splint  and  slaty  coal,  a  different 
treatment  will  be  required  as  respects  either  the  anthracite 
or  the  bituminous  kinds ;  the  one  is  obdurate  and  hard, 
the  other  is  compact,  and  in  some  instances  liquefies  like 
pitch.  Now  the  splint  and  slaty  specimens  burn  openly 
and  rapidly,  and  therefore  require  less  air,  exclusively  of 
what  is  taken  through  the  grate-bars. 

In  some  cases  it  may,  however,  be  necessary  to  over- 
take and  effect  the  ignition  of  such  gases  as  may  escape 
over  the  bridge  unconsumed,  and  for  this  purpose,  in  some 
descriptions  of  light  coal,  it  may  be  desirable  to  admit 
about  half  the  quantity  of  air  used  in  the  combustion  of 
the  bituminous  kinds. 

The  ultimate  results  are,  therefore,  — 

A  perfect  knowledge  of  the  properties  of  the  fuel  used, 
and  judicious  management  in  working  the  fires. 

*  Mr.C.  W.  Williams  maintains  that  4  to  6  square  inches  is  not  too  much 
for  the  admission  of  air  behind  the  bridge  ;  but  in  these  experiments  a  cer- 
tain proportion  was  passing  through  the  furnace  doors  independently  of  the 
supply  by  the  usual  channel  between  the  grate-bars. 
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An  increase  in  the  area  of  recipient  surface  of  the 
boiler  in  the  ratio  of  the  furnace  as  1  to  18 ;  or,  what  is 
the  same  thing,  a  reduction  of  the  grate-bar  surface  to 
that  proportion. 

A  constant  supply  of  air  (through  a  fixed  aperture)  of 
1J  square  inch  to  every  foot  of  grate-bar  in  common 
boilers,  when  burning  bituminous  coal ;  and  about  an  inch 
area  when  using  splint  coal.  These  openings  should, 
however,  be  regulated  in  the  first  instance  by  hand,  until 
the  mean  or  maximum  effect  in  reference  to  the  fuel  is 
obtained. 

A  complete  covering  of  felt,  or  some  other  non-con- 
ducting substance,  to  be  applied  to  the  exterior  parts  of 
the  boiler,  and  the  flues  to  be  well  protected  on  all  sides 
from  the  external  air. 

On  a  strict  observance  of  these  rules  will  depend  the 
question  of  smoke  or  no  smoke,  and  also  whether  an  im- 
portant economy  in  the  use  of  fuel  shall  or  shall  not  be 
effected.  We  are  assured,  from  the  experimental  facts 
already  recorded,  that  both  these  objects  can  be  accom- 
plished, and  it  rests  with  the  community  to  determine 
how  far  they  shall  be  carried  into  effect. 

At  the  time  of  entering  upon  this  investigation,  it  was 
my  intention  to  have  confined  it  within  exceedingly  narrow 
limits :  it  was,  however,  found  to  increase  in  interest  as  I 
advanced;  and  from  the  nature  of  the  subject,  and  the 
number  of  considerations  connected  therewith,  I  became 
involved  in  a  long  and  important  inquiry ;  an  inquiry 
progressively  developing  new  features,  and  admitting  of 
no  curtailment  except  only  in  such  matters  as  did  not 
directly  bear  upon  the  subject  As  it  is,  I  fear  I  have 
but  imperfectly  discharged  the  duty  entrusted  to  my  care ; 
it  is,  however,  done  honestly ;  and  trusting  to  future  de- 
velopments in  the  hands  of  superior  writers,  I  close  the 
report  under  the  impression  that  the  preceding  investiga- 
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tions  may  direct  public  attention  to  the  extension  of  our 
knowledge  and  improvement  of  our  practice  in  the  com- 
bustion of  fuel  and  the  prevention  of  smoke. 

Since  the  foregoing  was  written  —  upwards  of  eleven 
years  ago — considerable  improvements  and  advances  have 
been  made  by  a  great  number  of  persons  to  remedy  the 
evil  and  suppress  the  nuisance  of  smoke.  Local  Acts  of 
Parliament,  almost  without  number,  have  been  obtained 
for  this  purpose,  and  the  hands  of  municipal  and  corporate 
bodies  have  been  strengthened  for  the  more  perfect  attain- 
ment of  these  objects.  Almost  every  town  of  importance 
in  the  kingdom,  where  steam-engines  are  employed,  or 
manufactures  are  carried  on,  have  powers  and  clauses  in 
their  local  acts  to  enforce  the  observance  of  the  required 
conditions  for  the  abatement  of  the  nuisance;  we  are, 
however,  still  far  short  of  the  panacea  or  cure  for  the 
evil ;  and  although  we  might  enumerate  almost  a  hundred 
professional  remedies,  how  very  few  of  them  do  effectually 
succeed !  This  is  probably  not  so  much  the  fault  of  the 
doctor  as  the  malignant  character  of  the  disease  ;  and  we 
have  yet  to  learn  whether  this  want  of  success  arises  from 
want  of  skill  or  defects  in  the  process  adopted,  or,  what  is 
equally  probable,  from  gross  mismanagement  on  the  part 
of  those  who  have  charge  of  the  furnace. 

The  cause  of  these  differences  are  questions  not  easily 
answered,  but  all  appear  to  agree  that  the  thing  can  be 
done,  and  the  great  problem  for  solution  is,  how  to  do  it 
If  we  ask  Jukes,  Prideaux,  Hall,  Hazeldine,  and  many 
others,  we  are  at  once  referred  to  their  respective  friends 
and  advocates,  and  upon  inquiry  we  find  that  each  of 
them  answers  admirably  well.  Nevertheless,  in  the  face 
of  all  these  assertions,  and  the  actual  demonstrations  we 
have  received,  there  is  something  wrong,  something  de- 
fective, which  renders  the  whole  of  their  projects,  to  a 
great  extent,  abortive.  Now,  to  remedy  these  evils  is  the 

P  4 
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great  question  for  solution ;  it  is  still  an  open  question, 
and  one  well  deserving  attention. 

Repeated  attempts  have  certainly  been  made  to  remove, 
or  at  least  to  mitigate  this  nuisance ;  and  the  authorities 
of  most  large  towns  have  been  active  in  their  endeavours 
to  suppress  it.  It  is  probably  more  offensive  to  the  sight 
than  injurious  to  the  health ;  but  judging  from  appear- 
ance, it  is  destructive  of  vegetable  life,  and  productive  of 
the  worst  consequences  as  regards  the  purity  of  the  atmo- 
sphere ;  it  hangs,  like  a  black  mantle,  over  the  sites  and 
precincts  of  our  large  towns  ;  and  viewing  it  in  this  light 
it  is  most  desirable  (by  some  means  or  other)  to  have  it 
removed. 

The  difficulties  which  surround  this  important  question 
appear  to  arise,  not  so  much  from  a  want  of  knowledge  of 
the  principle  upon  which  the  cure  should  be  effected,  but 
from  the  difficulty  in  finding  workmen  calculated  to  carry 
the  required  measures  into  effect.  This  appears  to  be 
the  more  singular,  as  some  workmen  seem  to  perform  the 
duty  required  of  them  in  a  very  creditable  manner,  and 
that  more  particularly  when  they  are  watched  and  care- 
fully inspected  to  see  that  they  do  their  duty.  Now  it  is 
a  question  of  deep  interest  to  know  what  is  the  cause  of 
this,  and  in  my  endeavours  to  effect  a  change  for  the 
better,  I  have  recommended  to  the  civic  authorities  at 
Glasgow  and  Liverpool  to  hold  out  premiums  and  rewards 
to  engineers  and  stokers  for  the  disappearance  of  smoke 
in  their  respective  establishments,  and  that  just  and  equi- 
table fines  should  be  imposed  when  that  is  not  effected, 
and  along  with  it  a  saving  of  fuel. 

These  measures  have  been  enforced  in  a  joint  Report 
drawn  up  by  Mr.  Leslie  of  Edinburgh,  Mr.  Johnstone  of 
Glasgow,  and  myself,  addressed  to  the  Dean  of  Guild,  at 
the  instance  of  that  functionary  against  Messrs.  Todd  and 
Higginbottom  of  that  city,  for  a  nuisance  in  one  of  their 
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chimneys  emitting  large  volumes  of  smoke  in  the  imme- 
diate neighbourhood  of  a  large  and  populous  district. 

In  addition  to  the  suggestions  contained  in  the  Glasgow 
Report*,  I  shall  conclude  by  directing  attention  to  the 
following  rules  appended  to  a  similar  Report  addressed  to 
the  Corporation  of  Liverpool.  These  have  been  submitted 
to  the  public  as  recommendations  to  be  observed  in  the 
management  of  the  furnace ;  and  assuming  that  the  in- 
structions therein  given  are  carefully  attended  to,  we  may 
reasonably  look  forward  to  a  considerable  abatement  of 
the  nuisance. 

RECOMMENDATIONS  FOR  THE  PREVENTION  OF  THE 
SMOKE  NUISANCE. 

1st.  Enginemen  and  stokers  should  be  instructed  to 
charge  their  fires,  commencing  from  the  end  nearest  the 
bridge ;  and  before  throwing  coal  on  the  furnace,  the  in- 
candescent or  partially  burnt  fuel  must  be  spread,  in  order 
effectually  to  cover  the  grate-bars,  and  prevent  the  ad- 
mission of  a  surcharge  of  cold  air  between  them  at  any 
uncovered  part. 

2nd.  The  draught  of  the  furnace  may  be  regulated  by 
the  damper,  which,  in  slow  combustion,  is  only  raised  a 
few  inches,  in  order  to  retain  the  heat  as  long  as  possible 
in  the  flues  and  round  the  boiler,  time  being  an  element 
in  combustion.  Where  active  firing  is  required,  and  the 
charges  of  coal  are  made  in  varying  quantities  and  at 
intermittent  intervals,  doors  on  the  ash  pit  and  slides  to 
regulate  the  supply  of  air  to  the  gases  will  be  preferable 
to  the  use  of  the  damper. 

3rd.  The  furnace  or  grate-bars  should  be  kept  clean 
and  free  from  clinkers,  for  the  purpose  of  admitting  as 

*  Vide  Appendix,  No.  VL 
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much  air  as  may  be  necessary  to  combine  with  the  solid 
or  incandescent  fuel,  and  a  sufficient  number  of  orifices 
should  be  made  at  the  door  for  the  admission  of  the  re- 
quired supply  of  air  to  effect  the  combustion  of  the  gaseous 
portion  of  the  coal  evolved  in  the  chamber  of  the  furnace, 
and  above  the  fresh  charge. 

4th.  In  every  case  where  it  can  be  accomplished,  the 
boilers,  steam-pipes,  and  every  part  exposed  to  the  at- 
mosphere should  be  carefully  clothed  and  covered  with 
non-conducting  material  to  prevent  the  escape  of  heat. 

5th.  In  all  cases  of  active  combustion,  the  system  of 
the  diffusion  of  air  through  the  furnace-doors,  behind  the 
bridge,  or  in  both,  should  be  used  to  prevent  the  air 
having  a  cooling  effect. 

6th.  In  the  construction  and  erection  of  boilers,  the 
pyrometer  and  sight-holes  should  be  used;  the  first  to 
ascertain  the  varying  temperatures  in  the  flues,  the  ad- 
mission of  air  and  mode  of  charging  the  furnace ;  and  the 
second,  to  enable  the  fireman  to  observe  the  varying 
internal  state  of  the  flues  and  furnace,  either  as  regards 
combustion,  flame,  or  smoke. 

Lastly,  proprietors  of  steam-engines  should  ascertain 
by  experiment  the  quantity  of  coal  necessary  to  perform 
a  given  quantity  of  work;  and  the  engineer,  or  those 
responsible  for  the  working  of  the  boilers,  should  be 
allowed  a  premium  on  the  quantity  of  coal  saved,  and  be 
subject  to  a  proportionate  fine  for  neglect,  or  for  per- 
mitting the  appearance  of  smoke.* 

*  In  order  to  render  the  first  recommendation  more  explicit,  I  have 
shown  in  the  annexed  figure  the  most  approved  method  in  use  for  charging 
the  furnace.  A  represents  the  covering  of  fresh  fuel,  B  the  incandescent 
fuel,  and  I)  the  brick  bridge  over  which  the  gaseous  products  pass  into 
the  flues.  In  this  diagram  it  will  be  seen  that,  before  firing,  it  is  neces- 
sary to  spread  the  incandescent  fuel  over  the  surface  of  the  grate-bars,  so 
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APPENDIX  TO  THE  PRECEDING. 

During  the  progress  or  about  the  close  of  the  above 
Report,  I  found  that  my  friend  and  former  pupil,  Mr.  A. 
Murray,  had  communicated  a  paper  on  a  similar  subject 
to  the  Institution  of  Civil  Engineers,  entitled  "  The 
Construction  and  proper  Proportion  of  Boilers  for  the 
Generation  of  Steam." 

Mr.  Murray  has  had  many  opportunities  of  judging  of 
the  best  forms  and  proportions  of  marine  boilers,  and, 
from  the  facilities  afforded  in  his  professional  avocations 
at  the  Royal  Dockyard,  Woolwich,  I  am  induced  to 


as  to  prevent  the  admission  of  too  much  cold  air  in  that  direction.     This 
being  accomplished,  the  fresh  coal  is  then  thrown  on,  commencing  at  the 


bridge  D,  and  working  backwards  towards  the  front,  until  the  charge  is 
completed. 
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quote  a  few  of  his  observations  relative  to  the  area  of 
the  flue,  bridge,  chimney,  &c.,  which  have  in  some  degree 
been  omitted  in  the  preceding  Report.  In  treating  of 
the  quantity  of  air  entering  into  combination  with  the 
volatile  products  of  pit  coal,  Mr.  Murray  states,  that 
"  The  quantity  of  air  chemically  required  for  the  com- 
bustion of  1  Ib.  of  coal  has  been  shown  to  be  150*35 
cubic  feet,  of  which  44*64  enter  into  combination  with 
the  gases,  and  10571  with  the  solid  portion  of  the  coal. 
From  the  chemical  changes  which  take  place  in  the  com- 
bination of  the  hydrogen  with  oxygen,  the  bulk  of  the 
products  is  found  to  be  to  the  bulk  of  the  atmospheric 
air  required  to  furnish  the  oxygen  as  11  is  to  10.  The 
amount  is  therefore  49*104.  This  is  without  taking 
into  account  the  augmentation  of  the  bulk  due  to  the 
increase  of  the  temperature.  In  the  combination  which 
takes  place  between  the  carbon  and  the  oxygen,  the 
resultant  gases  (carbonic  acid  gas  and  nitrogen  gas)  are 
of  exactly  the  same  bulk  as  the  amount  of  air,  that  is, 
105*71  cubic  feet,  exclusive,  as  before,  of  the  augmen- 
tation of  bulk  from  the  increase  of  temperature.  The 
total  amount  of  the  products  of  combustion  in  a  cool 
state  would  therefore  be  49*104  +  105*71  =  154*814  cubic 
feet 

"  The  general  temperature  of  a  furnace  has  not  been 
very  satisfactorily  ascertained,  but  it  may  be  stated  at 
about  1000°  Fahrenheit,  and  at  this  temperature  the 
products  of  combustion  would  be  increased,  according  to 
the  laws  of  the  expansion  of  aeriform  bodies,  to  about 
three  times  their  original  bulk.  The  bulk,  therefore,  of 
the  products  of  combustion  which  must  pass  off  must  be 
154*814x3  =  464*442  cubic  feet.  At  a  velocity  of  36 
feet  per  second  *,  the  area,  to  allow  this  quantity  to  pass 

*  See  Dr.  Urc's  experiments,  read  before  the  Royal  Society,  June, 
1836. 
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off  in  an  hour,  is  -516  square  inch.  In  a  furnace  in  which 
13  Ibs.  of  coal  are  burnt  upon  a  square  foot  of  grate  per 
hour,  the  area  to  every  foot  of  grate  would  be  "516  x  13 
=  6*708  square  inches ;  and  the  proportion  to  each  foot  of 
grate,  if  the  rate  of  combustion  be  higher  or  lower  than 
13  Ibs.,  may  be  found  in  the  same  way. 

"  This  area  having  been  obtained,  on  the  supposition 
that  no  more  air  is  admitted  than  the  quantity  chemically 
required,  and  that  the  combustion  is  complete  and  perfect 
in  the  furnace,  it  is  evident  that  this  area  must  be  much 
increased  in  practice  where  we  know  these  conditions  are 
not  fulfilled,  but  that  a  large  surplus  quantity  of  air  is 
always  admitted.     A  limit  is  thus  lound  for  the  area  over 
the  bridge  or  the  area  of  the  flue  immediately  behind  the 
furnace,  below  which  it  must  not  be  decreased,  or  the  due 
quantity  could  not  pass  off,  and  consequently,  the  due 
quantity  of  air  could  not  enter,  and  the  combustion  would 
be  proportionally  imperfect.     It  will  be  found  advantage- 
ous in  practice  to  make  the  area  2  square  inches  instead 
of  '516  square  inch.     The  imperfection  of  the  combustion 
in  any  furnace,  when  it  is  less  than  1'5  square  inch,  will 
be  rendered  very  apparent  by  the    quantity   of  carbon 
which  will   rise   unconsumed  along  with   the   hydrogen 
gas,  and  show  itself  in  a  dense  black  smoke  on  issuing 
from  the  chimney.     This  would  give  26  square  inches  of 
area  over  the  bridge  to  every  square  foot  of  grate  in 
which  the  rate  of  combustion  is  13  Ibs.  of  coal  on  each 
square  foot  per  hour,  and  so  in  proportion  at  any  rate. 
Taking  this  area  as  the  proportion  for  the  products  of 
combuation  immediately  on  their  leaving  the  furnace,  it 
may  be  gradually  reduced  as  it  approaches  the  chimney, 
on  account  of  the  reduction  in  the  temperature,  and,  con- 
sequently, in  the  bulk  of  the  gases.    Care  must,  however, 
be  taken  that  the  flues  are  nowhere  so  contracted,  nor  so 
constructed,  as  to  cause,  by  awkward  bends  or  in  any  other 
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way,  any  obstruction  to  the  draught;  otherwise  similar 
bad  consequences  will  ensue." 

From  this  statement  it  would  appear  that  26  square 
inches  of  area  over  the  bridge  is  about  the  correct  pro- 
portion for  the  combustion  of  13  Ibs.  of  coal  per  hour  on 
each  square  foot  of  grate-bar.  Now  these  proportions  are 
rather  more  than  are  given  in  stationary  boilers,  as  the 
mean  of  a  number  of  experiments,  taken  where  the  com- 
bustion was  most  perfect,  gave  about  18  square  inches 
over  the  bridge,  and  about  28  square  inches  as  the  area  of 
the  flues  to  every  square  foot  of  grate-bar. 

These  data  may  not  at  first  sight  appear  important ; 
they  are,  however,  of  great  value  in  practice,  as  the 
economy  of  the  fuel  and  the  efficiency  of  the  furnace  in  a 
great  measure  depend  upon  the  height  of  the  bridge  be- 
hind, which  operates  as  a  retarder  of  the  currents,  in  the 
same  way  as  the  damper  is  used  for  checking  the  draught 
of  the  chimney  in  the  flues. 

Mr.  Murray  further  treats  of  the  temperature  of  the 
furnace,  flues,  &c.,  but  these  points  having  already  been 
experimented  upon  and  fully  discussed  in  the  Report,  it 
will  not  be  necessary  to  notice  them  in  this  place. 
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LECTURE  X. 

METALLIC   CONSTRUCTIONS.*  —  ON   IRON   SHIP- 
BUILDING. 

To  the  student  in  architecture,  engineering,  and  building, 
there  is  scarcely  any  acquirement  more  essential  to  pro- 
fessional success  than  a  knowledge  of  the  properties  of 
the  materials  used  in  construction.  It  is  equally  im- 
portant in  the  art  of  design  as  it  is  in  correctness  of  pro- 
portion :  whether  the  structure  be  a  house,  a  ship,  or  a 
bridge,  we  must,  before  entering  upon  its  construction, 
and  before  we  can  attain  a  due  and  correct  idea  of  pro- 
portion, as  a  preliminary  inquiry,  make  ourselves  ac- 
quainted with  the  material  of  which  it  is  composed.  We 
must  also  make  ourselves  acquainted  with  its  powers  of 
resistance  to  the  varied  strains  of  tension,  torsion,  and 
compression ;  and  further,  we  should  know  something  of 
its  elasticity,  and  its  powers  of  restoration  under  the 
varied  tests  and  changes  to  which  it  may  be  subjected. 

*  At  the  commencement  of  these  Lectures  it  was  intended  to  have  given 
a  series  of  communications  on  construction,  where  iron,  as  a  material,  has 
been  chiefly  employed.  The  subject  was,  however,  found  to  embrace  such  a 
large  field  of  inquiry,  and  my  time  was  so  closely  engaged  in  other  professional 
duties,  that  I  was  forced  to  abandon  the  idea,  and  content  myself  with  the 
inquiry  into  the  strength  and  other  proportions  of  the  iron  ship.  Whether 
another  opportunity  will  present  itself  for  a  more  extended  investigation, 
I  am  unable  to  say ;  I  will,  however,  bear  it  in  mind,  and  I  trust  the  time 
may  shortly  arrive  when  my  engagements  may  admit  of  sufficient  leisure 
for  effecting  that  object. 
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All  this  knowledge  we  should  know  and  apply  in  such  a 
manner  as  will  best  meet  the  requirements  of  construc- 
tion, and  that  without  incurring  the  charge  of  an  unne- 
cessary or  wasteful  expenditure  of  material.  Very  little 
reflection  will  show  this  knowledge  to  be  indispensable 
before  we  can  attain  anything  like  perfection ;  and  in 
fact,  no  professional  rank  can  be  attained  by  the  architect, 
engineer,  or  builder,  unless  he  is  acquainted  with  sound 
principles  of  construction,  and  with  the  properties  of  the 
material  in  which  he  deals. 

Assuming,  therefore,  that  the  necessity  exists  for  an 
increase  o*f  this  knowledge,  I  shall  endeavour  to  lay  before 
you,  in  a  tabulated  form,  such  amount  of  experimental 
research  as  directly  bears  upon  the  art  of  construction ; 
and  although  these  experiments  are  confined  almost  ex- 
clusively to  metallic  substances,  I  shall  nevertheless  add  a 
few  others,  exhibiting  the  strength,  &c.,  of  different  kinds 
of  timber,  occasionally  used  in  combination  with  iron,  but 
more  frequently  as  a  perfectly  independent  material  ap- 
plied to  the  useful  arts. 

Viewing  the  subject  in  this  light,  I  shall  first  direct 
your  attention  to  the  resisting  powers  of  cast  and  wrought 
iron  to  different  kinds  of  strain,  and  subsequently  to  tim- 
ber and  such  other  material  as  we  find  in  general  use  in 
the  art  of  building  and  construction. 

Resisting  powers  of  cast-iron. 

From  a  number  of  carefully  conducted  experiments  on 
cast-iron,  I  have  selected  the  following  results.  They  are 
the  highest  in  the  order  of  their  powers  of  resistance  to  a 
transverse  strain,  and  as  in  each  instance  the  bar  is  re- 
duced to  exactly  one  inch  square,  the  results  may  fairly  be 
estimated  as  a  criterion  of  the  resisting  powers  of  the 
different  irons  of  Great  Britain. 
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TIIANSVERSE  STRENGTH  of  cast-iron  bars  1  inch  square, 
4  ft.  6  in.  between  the  supports. 


Name  and  No.  of  Iron 
The  letter  C  signifies 
cold  blast,  II  hut  blast. 

Breaking 
W«i|bt 

in  llx. 

Deflection 
in  Inches. 

Power  to 
resist  Im- 
pact. 

Remarks. 

Quality. 

f  Ponkey     -  3  C 
js     Beaufort    -  3  H 

I 

1         Mean      - 

581 
517 

448 

1-747 
1-599 
1-726 

992 

807 
747 

Whitish  grey. 
Dullish  grey. 
Bright  grey. 

Hard. 
Hard. 
Hard. 

515 

1-691 

848-6 

English.  | 

'  Low  Moor  2  C 
Butterley  -  H 
Els  ar  -  -  2  C 
Old  Park  -  2  C 

Mean     - 

472 

602 
427 

485 

1-852 
1-815 
2-224 
1-621 

855 
899 
992 
718 

Dark  grey. 
Dark  grey. 
Grey. 
Grey. 

Soft. 
Soft. 
Soft. 
Soft. 

471 

1-778 

863-5 

-=' 

'Muirkirk  -  1  C 
Carron  -  3  C 
Monkland-  2  H 
Gartsherrie  3  H 

Mean     - 

418 
443 
403 
447 

1  570 
1-336 
1-762 
1-557 

656 
593 
709 
998 

Bluish  grey. 
Grey. 
Bluish  grey. 
Light  grey. 

Soft. 
Soft. 
Soft. 
Soft. 

428 

1-556 

739 

From  the  above  it  will  be  perceived  that  the  average 
transverse  strength  of  eleven  specimens  of  English,  Welsh, 
and  Scotch  iron  is  471  Ibs.  on  1  inch  square  bars,  4  ft.  6  in. 
between  the  supports.  These  again  give  a  mean  deflection 
of  1*675  inches,  and  a  power  to  resist  impact  of  817. 

Similar  irons  will  resist  a  tensile  strain  and  a  crushing 
force  per  square  inch  as  follows :  — 

EXPERIMENTAL  RESULTS  to  determinate  the  ultimate 
powers  of  resistance  to  a  tensile  and  crushing  strain* 


Description  of  Iron. 

Tensile  Strength 
per  square  Inch 
ofSection. 

Height 
Specimen. 

Crushing  Strength 
per  Square  Inch  of 
Section. 

Ratio  of 
Tension  to 
Compression. 

Low  Moor  No.  2   - 
Clyde  No.  2      -    - 
Blenavon  No.  2     - 
Brymbo  No.  3  -    - 

Mean      -    - 

Tons.  • 
6-901 
7-949 
7-466 
6-923 

Inches. 
|J 

4 
1} 

Tons. 
41-219 
45-549 
45-717 
34-356 

1  :  5-973 
1  :  5-729 
1  :  6*123 
1  :  4-963 

7-309 

i* 

41-710 

1  :  5-707 

226  METALLIC   CONSTRUCTIONS 

In  the  foregoing  experiments,  the  Clyde  and  Blenavon 
indicate  the  greatest  powers  of  resistance,  both  as  regards 
a  tensile  and  a  crushing  strain. 

In  addition  to  the  irons  given  above,  which  are  those  m 
common  use,  Mr.  Stirling's  mixed  or  toughened  iron  ex- 
hibits considerably  increased  powers  of  resistance  to  every 
description  of  strain  when  compared  with  the  unmixed 
irons.  Mr.  Stirling  has  patented  a  process  for  mixing  a 
certain  portion  of  malleable  with  cast-iron,  and  when 
carefully  fused  in  the  crucible  or  the  cupula,  the  product 
will  resist  a  tensile  strain  of  nearly  11  tons  per  square 
inch,  and  a  compressive  one  of  upwards  of  60  tons,  the 
specimens  being  1£  inch  long  and  1  inch  square.  This 
mixture,  when  judiciously  managed  and  duly  proportioned, 
increases  the  strength  about  one-third  above  that  of  ordi- 
nary cast-iron. 

As  the  strength  of  wrought-iron  is  not  only  a  subject 
of  great  interest  at  the  present  moment,  but  is  likely  to 
become  more  so  every  year,  I  shall  have  to  trespass  longer 
upon  your  attention  than  may  be  agreeable.  It  is,  how- 
ever, imperative  that  I  should  do  so,  as  I  shall  have 
occasion  before  the  close  of  these  remarks  to  refer  to  facts, 
and  to  deduce  therefrom  conclusions  for  the  elucidation 
and  illustration  of  my  subject. 

The  importance  of  an  inquiry  into  the  art  of  shipbuild- 
ing will  be  appreciated  by  you  all,  and  when  you  bring 
to  mind  the  dreadful  casualties  of  navigation,  the  hardships 
of  shipwreck,  and  the  horrors  of  fire,  you  will  admit  the 
vast  importance  of  selecting  the  strongest  and  safest  ma- 
terials for  the  construction  of  our  ships. 

It  is  chiefly  for  this  reason  that  I  have  selected  this 
subject,  and  ventured  to  impose  upon  your  attention  a 
few  dry  figures,  in  order  that  you  might  become  ac- 
quainted first  of  all  with  the  strength  and  natural  pro- 
perties of  the  materials  of  which  ships  are  ordinarily 
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composed,  and  secondly,  to  attach  due  weight  to  their 
judicious  application  and  distribution  in  the  attainment  of 
a  powerful,  buoyant,  and  durable  structure.  The  build- 
in  ir  of  iron  ships  is  one  of  the  marvels  of  the  age  in 
which  we  live,  and  has  had  an  immense  influence  on  the 
extension  of  our  commerce  and  the  increase  of  our  na- 
tional prosperity.  I  should  not  have  ventured  upon  this 
critical  and  difficult  subject  without  some  practical  experi- 
ence, but  having  taken  an  active  part,  as  well  as  a  deep 
interest,  in  the  earlier  stages  of  the  application  of  iron 
as  a  material  for  ship  building, — having,  indeed,  been  one 
of  the  first  pioneers  in  this  branch  of  metallic  construc- 
tion, and  having,  until  within  the  last  two  years,  been  ex- 
tensively engaged  as  a  practical  builder,  —  I  am  perhaps 
the  better  able  to  offer  a  few  suggestions  on  the  advan- 
tages and  superiority  of  iron  in  our  war  as  well  as  in  our 
mercantile  marine. 

It  is  well  known  to  the  public  that  the  naval  department 
of  the  Government  abandoned  a  few  years  back  —  I  think 
prematurely,  if  not  improperly — the  construction  of  iron 
vessels  as  ships  of  war.  The  Admiralty,  in  my  opinion, 
arrived  at  a  very  hasty  conclusion  in  condemning  the  use 
of  iron  after  the  very  limited  number  of  experiments 
which  had  been  tried  upon  iron  targets  and  old  iron 
vessels,  as  the  dangerous  effects  of  shot  might  have  been 
mitigated  by  extended  practice,  and  many  improvements 
and  suggestions  might  have  been  adopted  to  remove  the  ob- 
jections, and  ensure  greater  confidence  in  the  construction. 
At  several  of  these  experiments  I  was  present,  and  although 
the  results  were  certainly  unexpected,  and  perhaps  dis- 
couraging, yet  they  did  not,  in  my  opinion,  justify  the 
entire  abandonment  of  a  material,  not  only  the  strongest 
and  lightest  for  such  a  purpose,  but  offering  the  greatest 
possible  security  under  all  ordinary  and  many  extraordinary 
circumstances.  Even  in  war  steamers,  when  in  action, 
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the  chances  are  in  favour  of  the  iron  ship,  as  it  is  not 
only  secure  from  fire,  but  is  much  stronger,  and  will 
sustain  more  strain  when  assailed  by  storms  and  hurricanes 
than  any  other  description  of  vessel,  however  strongly 
built.  Propulsive  power  is  another  element  in  our  war 
marine.  Steamers  can  back  out  of  difficulties  and  dangers 
when  sailing  vessels  must  remain  exposed;  they  can  assail 
the  enemy  at  a  greater  distance,  and  take  up  any  position 
consistent  with  the  emergency  of  the  case,  and  with  their 
great  guns  and  long  range,  inflict  severe  punishment  and 
do  great  execution,  without  receiving  —  under  these  cir- 
cumstances —  a  single  shot.  Speed  being  thus  admitted 
to  be  an  important  element  in  our  war  marine,  the  iron 
ship,  from  its  lightness  and  buoyancy,  has  another  evident 
advantage  over  the  wooden  one,  as  an  equal  amount  of 
power  will  propel  it  faster  through  the  water,  and  hence 
follow  the  advantages  peculiar  to  this  construction. 

In  the  event  of  war,  it  is  essential  that  the  steam  marine 
of  this  country  should  have  great  command  of  power  to 
enable  the  ships  to  manoeuvre  at  sea  with  almost  the  same 
precision  as  a  squadron  of  horse  on  parade.  They  should 
have  the  poWer  to  advance  and  retreat  as  circumstances 
may  require,  and  the  new  system  of  tactics  which  must 
eventually  come  into  operation  should  inspire  the  same 
confidence  in  the  crew  as  it  would  do  in  the  commonder, 
namely,  that  the  iron  steamer  is  not  only  formidable  in 
war,  but  safe  under  all  circumstances  of  attack  or  defence. 
In  our  mercantile  marine  we  are  progressing  with  bet- 
ter prospects  and  greater  certainty,  but  the  decision  of 
the  Admiralty  to  limit  the  construction  of  iron  vessels  to 
the  mail  and  packet  service  is,  according  to  my  views,  a 
retrograde  movement,  and,  to  say  the  least  of  it,  incon- 
sistent with  the  onward  tendencies  of  a  healthy  progression. 
I  trust  the  Lords  Commissioners  of  the  Admiralty  will 
not  only  see  the  importance,  but  the  absolute  necessity  of 
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rescinding  that  order,  and  that  we  shall  not  only  witness 
the  introduction  of  iron  for  that  service,  but  more  par- 
ticularly when  steam  power  is  employed  in  all  and  in 
every  condition  of  an  effective  and  a  safe  marine. 

The  effects  of  shot  on  iron  vessels. 

As  respects  the  effects  of  shot  upon  iron  vessels  (a  cir- 
cumstance which  led  to  the  above  decision  on  the  part 
of  the  Admiralty),  although  at  first  sight  alarming,  they 
are,  on  more  mature  consideration,  such  as  might  reasonably 
be  expected.  A  number  of  experiments  we*e  undertaken 
some  years  since  at  the  Arsenal,  Woolwich,  to  determine 
the  effect  of  shot  upon  the  hull  of  an  iron  vessel,  and  also 
with  the  view  of  providing  means  for  stopping  the  passage 
of  water  in  the  event  of  the  vessel  receiving  a  shot  below 
the  water  line.  The  gun  used  in  the  experiment  was  a 
32-pounder,  placed  at  a  distance  of  30  yards  from  the 
targets,  and  was  loaded  at  the  commencement  with  the 
full  charge  of  10  Ibs.  of  powder.  Subsequently,  it  was 
reduced  to  8,  6,  4,  2  and  1  Ibs.'  to  produce  the  effect  of 
distance  in  a  short  or  long  range.  I  assisted,  at  the 
request  of  the  late  Admiral  Sir  George  Cockburn,  at 
those  expriments,  and  the  results,  some  of  which  I  may 
venture  to  mention,  were  exceedingly  curious  and  in- 
teresting. The  initial  velocity  of  the  ball,  6  inches  in 
diameter,  with  a  full  charge  of  10  Ibs.  of  powder,  is  about 
1800  feet  per  second,  and  with  2  Ibs.  of  powder  about 
1000  feet 

In  these  experiments  there  were  five  or  six  targets 
about  6  feet  square,  composed  of  different  thicknesses  of 
plates,  and  variously  arranged,  so  as  to  represent  in  effect 
as  well  as  in  appearance  a  portion  of  the  side  of  an  iron 
ship.  Diagrams  are  here  exhibited  to  represent  a  side 
view  and  sections  of  the  plates  and  fastenings  of  the 
targets,  and  the  effects  produced  by  the  shot  as  it  passed 
through  the  plates,  and  also  in  three  or  four  other  ex- 
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periments,  through  a  lining  of  india-rubber  and  cork  dust, 
specially  introduced  to  prevent  the  dispersion,  and  arrest 
the  progress  of  the  splinters  as  they  were  driven  forward 
by  the  effects  of  the  shot. 

Fig.  22  represents  a  side  view  of  the  target  with  the 
effects  of  six  shots  at  various  velocities  through  it.  Fig.  23 
shows  the  effect  of  a  shot  with  a  charge  of  10  Ibs.  of 

Fig.  22. 
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powder  through  three  thicknesses  of  J-inch  plates,  and 
figs.  24  and  25  the  effect  of  a  2  Ib.  and  1  Ib.  charge  through 
a  single  £-inch  plate,  with  ribs  of  the  usual  construction.* 
I  should  not  be  justified  in  going  into  further  details  on 
this  subject  at  present,  and  must  confine  myself  to  ge- 
neral terms.  On  some  future  occasion  I  may,  however,  be 

•  See  Appendix,  No.  V. 
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enabled  to  resume  the  inquiry,  which  is  one  of  consider- 
able interest  and  of  great  public  importance. 

Whilst  laying  before  you  such  information  as  I  possess 
on  the  subject  of  iron  ship  building,  it  is  not  my  intention 
to  trench  upon  the  province  of  the  marine  architect  as 
respects  the  forms,  lines,  or  other  details  required  in  .con- 
struction. That  field  is  already  occupied  by  men  of  great 
experience  and  superior  talent,  and  the  only  one  to  which 
I  would  more  immediately  direct  your  attention  is  that 

Fig.  23.     Fig.  24.  Fig.  25. 


which  refers  to  the  proportion  of  the  parts,  the  distribu- 
tion of  the  material,  and  the  equalisation  of  the  powers 
of  resistance  to  strain  in  the  different  parts  and  positions 
of  the  structure.  These  are  considerations  which,  in  a 
greater  or  less  degree,  affect  almost  every  description  of 
mehanical  construction,  and  we  cannot  be  far  wrong  if  on 
this  occasion  we  endeavour  to  supply  such  experimental 
knowledge  as  we  possess  to  the  improvement  of  this  im- 
portant art. 

If  we  study  the  art  of  construction  as  exhibited  in  the 
law  of  nature,  we  shall  find  endless  varieties  of  form.     In 
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the  animal  and  vegetable  kingdoms  there  is  no  waste  of 
material.  Every  animal  and  every  plant  is  adapted  to  its 
purpose,  its  organisation  is  perfect  in  every  respect;  every 
joint,  muscle,  and  fibre  is  suited  to  the  work  it  has  to 
perform,  and  the  utmost  harmony  in  proportion,  beauty  of 
design,  as  well  as  economy  of  material,  is  discernible  in 
every  construction  that  emanates  from  the  hand  of  na- 
ture's Architect.  In  that  school  we  are ,  sure  to  learn 
under  the  tuition  of  that  great  Teacher  in  every  depart- 
ment of  art,  and  by  a  careful  study  of  those  laws  which 
open  upon  us  at  every  page,  we  can  scarcely  fail  to  apply 
them  to  some  good  and  useful  purpose. 

With  such  examples  before  us,  and  with  such  a  wide 
and  wonderful  range  of  objects,  why  should  we  commit 
blunders,  and  hesitate  when  we  should  analyse  and  in- 
vestigate? There  is  no  mechanism  so  intricate  but  we 
find  its  compeer  in  nature,  and  where  we  may  find  a  rule 
for  our  guidance.  We  have  only,  therefore,  to  study 
Nature  in  her  varied  forms  and  conditions  to  arrive  at 
sound  conclusions  either  as  regards  the  examples  that  are 
set  before  us,  or  the  approximation  to  laws  which  govern 
all  constructions. 

Our  present  object  is,  however,  limited  to  the  inquiry 
into  the  laws  which  guide  the  experienced  ship-builder  in 
the  prosecution  of  his  art :  it  will  be  proper  in  the  first 
instance  to  ascertain  the  nature  and  strength  of  the  mate- 
rial he  may  choose  to  employ,  in  order  to  show  in  what 
way  it  would  be  disposed  to  produce  at  a  minimum  cost 
the  greatest  possible  effect.  For  these  objects  I  am  for- 
tunate in  having  before  me  a  long  series  of  experiments 
which  I  made  for  the  same  object  more  than  ten  years 
ago.*  These  facts  are  given  in  Appendix  I.,  but  to  save 
trouble  in  the  reference  I  have  considered  it  necessary  to 
lay  before  you  the  following  short  abstracts,  which  I  trust 
•  See  Philosophical  Transactions,  Part  II.,  1850,  and  Appendix,  No.  1. 
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may  prove  equally  beneficial  in  this  as  they  Lave  been  in 
other  constructions. 

In  the  resistance  of  wrought-iron  plates  we  have  in 
these  experiments,  which  were  made  on  five  different 
sorts  of  iron,  the  tensile  strengths  in  tons  per  square 
inch  as  follows :  — 


Yorkshire  plates 
Yorkshire  plates            • 
Derbyshire  plates          - 
Shropshire  plates       :  t-  ^ 
Staffordshire  plates 

Torn  asunder  in 
direction  of  the  Fibre. 
Tons. 
-     25770 
-     22760 
-     2T680 
-     '22-826 
-     19563 

Torn  asunder 
across  the  Fibre. 
Tons. 
-     27-490 
-     26*037 
•     18-650 
-     20-000 
-     2T010 

Mean 


-     22-519 


-     23037 


These  results  give  a  mean  power  of  resistance  of  nearly 
23  tons  per  square  inch.  And  the  ratio  22*5  I  23,  gives 
about  ^Vtn  in  favour  of  those  torn  across  the  fibre. 

In  following  up  similar  investigations  on  timber,  I  found, 
according  to  Professor  Barlow,  of  Woolwich,  that  the  co- 
hesive strength  of  different  kinds  of  hard  wood  were  — 


Box 

Ash 

Teak 

Fir 


Lbs. 
20,000 
17,000 
1 5,000 
12,000 


Beech 

Oak 

Pear 

Mahogany 


Lbs. 

-  '  11,500 

-  10,000 

9,800 
8,000 


Assuming  Mr.  Barlow  to  be  correct,  and  taking  the 
mean  strength  of  iron  plates  as  given  in  the  experiments 
at  49,656  Ibs.  to  the  square  inch,  or  say  50,000  Ibs.,  we 
have  the  comparison  between  wood  and  iron  in  the  follow- 
ing ratios  of  resistance  to  a  tensile  strain :  — 


Ratio. 


Ash 

Teak 

Fir 

Beech 

Oak 


t 

i 

Ratio,  Timber 

Timber. 

Iron. 

representing  Unity 

Lbs. 

Lbs. 

17,000  : 

50,000 

or  as 

2-94 

15,000  : 

50,000 

or  as 

3-33 

12,000  : 

50,000 

or  as 

4-16 

11,500  : 

50,000 

or  as 

4-34 

10,000  : 

50,000 

or  as 

5-00 
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Hence  it  appears  that  malleable  iron  plates  are  five 
times  stronger  than  oak,  or  in  other  words,  their  powers 
of  resistance  to  a  force  applied  to  tear  them  asunder  are 
as  5  to  1,  making  an  iron  plate  £  inch  thick  equal  to  an 
oak  plank  2£  inches  thick. 

As  a  further  guide  to  the  knowledge  of  the  strength  of 
materials  used  in  construction,  some  curious  and  interest- 
ing experiments  were  made  to  ascertain  the  resistance  of 
wrought-iron  plates  to  indentation  or  pressure  by  a  blunt 
instrument  with  a  hemispherical  end,  3  inches  in  diameter, 
forced  through  the  plate  until  it  was  burst.*  The  results 
are  — 

Lbi.          Mean. 

Experiment  1st.     A  plate  i"  thick  burst  with       -        -     13,789  >   lfi  77q 
Experiment  2nd.    A  plate  I"  thick  burst  with       -         -     19,769  J 
Experiment  3rd.    A  plate  J"  thick  burst  with       -         -     37,519  )   q,  „„„ 
Experiment  4th.    A  plate  J"  thick  burst  with        -        -    37,928  J 

Here  it  will  be  observed,  the  strengths  are  nearly  in 
the  ratio  of  the  thickness  of  the  plates,  a  £-inch  plate 
requiring  double  the  force  to  produce  fracture.  Similar 
experiments  were  made  on  oak  timber,  and  here  the  re- 
sistance follows  the  ratio  of  the  squares  of  the  depths,  and 
a  J-inch  thick  plate  is  able  to  resist  a  force  equal  to  that 
required  in  the  rupture  of  a  3-inch  oak  plank. 

The  results  are  — 

Lbi.          Mean. 

Experiment  1st.    An  oak  plank  3  in.  thick  burst  with     -    18,941  )   ._  __„ 
Experiment  2nd.  An  oak  plank  8  in.  thick  burst  with     -    16,925  £ 
Experiment  3rd.  An  oak  plank  H  in.  thick  burst  with     -     4,532  )      .  .„. 
Experiment  4th.  An  oak  plank  1  j  in.  thick  burst  with     -     4,280  J      ' 

Here  the  strengths  to  resist  bursting  or  crushing  are  as 
the  squares  of  the  depths. 

*  The  details  of  these  experiments  will  be  found  in  the  Appendix,  No.  I. 
page  287.  They  refer  to  the  resistance  of  plates  forming  the  hull  of  a  ship. 
They  exhibit  the  resistance  of  those  parts  to  compression,  when  acted  upon 
by  a  round  hard  substance,  such  as  rocks  or  stones  when  the  vessel  takes 
the  ground,  either  in  tidal  harbours  or  any  other  position  with  uneven  sur- 
faces calculated  to  injure  the  ship. 
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Let  us  now  take  the  comparative  resistance  of  wrought- 
iron  per  square  inch  to  a  direct  crushing  force,  and  we 
have  from  the  experiments  of  Rondelet  and  Professor 
Hodgkinson  the  following  ratios :  — 


Specific 
Gravity. 

Description  of  Ma- 
terial* used. 

Resistance  per 
Square  Inch 
of  Timber 
in  Its. 

Resistance  per 
Souare  Inch  of 
wrought-  Iro> 

in  His. 

Ratio  of  Strength. 
Timber  repre- 
senting Unity. 

7-700 

Wrought-iron 

m 

70,000 

•560 

Yellow  pine 

5375 

70,000 

1      13-02 

•540 

Cedar 

5674 

70,000 

12-33 

•580 

Red  deal    - 

5748 

70,000 

12-16 

•640 

Birch          * 

6402 

70,000 

10*93 

•660 

Sycamore  - 

7082 

70,000 

9-88 

•753 

Spanish  mahogany 

8198 

70,000 

8-53 

•780 

Ash 

8683 

70,000 

8-06 

•700 

Dry  English  oak  - 

9509 

70,000 

7-36 

•980 

Box 

9771 

70,000 

7-16 

From  the  above  we  have  the  relative  resisting  powers 
of  the  different  kinds  of  timber;  also  the  specific  gravi- 
ties of  each,  which  enables  us  to  determine  the  compa- 
rative weights,  as  well  as  strengths  of  wood  and  iron 
respectively. 

In  marine  constructions,  where  the  material  is  iron,  our 
knowledge  of  its  resisting  powers  would  be  incomplete, 
if  we  did  not  consider  it  in  all  its  bearings  as  regards  its 
applications  to  ship  building.  It  is  unlike  timber  which 
has  to  be  caulked  between  the  joints ;  the  principle  is  not 
union,  but  a  tendency  to  force  the  parts  asunder.  Now 
in  the  joints  of  the  iron  ship  this  is  quite  the  reverse,  for 
the  joints  of  an  iron  vessel  are  so  constructed  as  to  form 
a  solid  mass  of  plates,  which,  if  well  riveted,  will  resist 
forces,  such  as  the  action  of  heavy  seas,  that  no  timber- 
built  ship,  however  well  and  however  strongly  constructed, 
would  ever  be  able  to  withstand.  The  iron-built  ship, 
when  constructed  with  butt  joints  with  interior  covering 
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plates  and  a  smooth  exterior  surface,  is  superior  as  regards 
strength,  buoyancy,  and  lightness  to  any  other  vessel  of 
whatever  material  it  may  be  composed,  and  our  practice 
in  the  mercantile  marine  has  proved  this  to  be  the  case. 
In  all  these  combinations  it  is,  however,  a  desideratum  to 
have  the  joinings  of  the  parts,  and  the  connections  as  near 
as  possible  of  equal  strengths.  This  in  practice  cannot 
always  be  accomplished ;  but  with  due  regard  to  a  correct 
system  of  riveting,  and  careful  formation  of  the  joints,  a 
near  approximation  to  uniform  strength  may  be  obtained. 
As  a  practical  guide  to  these  objects,  I  shall  append  a 
short  summary  of  the  experiments  indicating  the  relative 
strengths  of  different  forms  of  riveting,  and  in  what  they 
differ  from  the'strength  of  the  plates,  taking  the  whole  as 
one  continuous  mass  without  joints. 

The  results  obtained  from  forty-seven  experiments  on 
double  and  single  riveting  are  here  recorded :  — 


No.  of 
Experiment. 

CohesiTe  Strength  of 
Pl.ites.     Breaking 
Weight  In  Ibs. 
per  Square  Inch, 

Strength  of  single- 
.loints  of  equal 
Section  to  the  Plates 
taken  through  the  L;ne 
of  the  Rivets  in  Ibs. 
per  Square  Inch. 

Strength  of  double. 
•  .  "ints  Hi"  rtjnal 
Section  to  the  Plates 
taken  through  the  Line. 
of  Hiv.-is  in  Ibs. 
per  Square  Inch. 

1 

57-724 

47-743 

52-352 

2 

61-579 

36-606 

48-821 

3 

68-322 

43141 

58*286 

4 

50983 

43-515 

54-594 

5 

51-130 

40*249 

53-879 

6 

49*281 

44-715 

53-879 

7 

43-805 

37-161 

8 
Mean    - 

47-062 

52-486 

41-596 

53-635 

The  relative  strengths  will  therefore  be  — 


For  the  plate 
Double- riveted  joint 
Single-riveted  joint 


1000 

1021 

791 
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which  shows  that  the  single-riveted  joints  have  lost  one- 
fifth  of  the  actual  strength  of  the  plates,  whilst  the  double- 
riveted  joints  have  retained  their  resisting  powers  un- 
impaired. These  are  convincing  proofs  of  the  superior 
value  of  the  double-riveted  joints ;  and  in  all  cases  where 
strength  is  required  this  description  of  joint  should  always 
be  employed. 

In  a  previous  analysis  the  strengths  were  as  1000  I  933 
and  731,  but  taking  the  mean  we  have  1000  :  977  and 
761  for  the  double- rive  ted  and  single-riveted  joints  re- 
spectively. From  these  we  must,  however,  deduct  30 
per  cent,  for  the  loss  of  metal  actually  punched  out  for 
the  reception  of  the  rivets,  and  the  absolute  strength  of  the 
plates  will  then  be  to  that  of  the  riveted  joints  as  the  num- 
bers 100,  68,  and  46.  In  some  cases,  where  the  rivets 
are  wider  apart,  the  loss  sustained  is  not  so  great;  but 
in  iron  ships,  boilers  and  other  vessels  which  require 
to  be  water-tight,  and  where  the  rivets  are  closer  to  each 
other,  the  edges  of  the  plates  are  weakened  to  that  extent. 
Taking,  however,  into  consideration  the  circumstances 
under  which  the  results  were  obtained,  as  only  two  or 
three  rivets  came  within  the  reach  of  experiment,  and 
taking  into  account  the  additional  strength  which  might 
be  obtained  by  an  increased  number  of  rivets  in  combina- 
tion, and  the  adhesion  of  the  two  surfaces  of  the  plates  in 
contact  *,  we  may  reasonably  assume  the  following  pro- 
portions, which,  after  making  every  allowance,  may  fairly 
be  considered  as  the  relative  values  of  the  strength  of 
wrought-iron  plates,  as  compared  with  their  riveted 
joints :  — 

Taking  the  strength  of  plates  at  -       100 

We  have  for  the  double-riveted  joint  -  -  -         70 

And  for  the  single-riveted  joints        -  -        56 

The  resisting  powers  of  riveted  joints  (such  as  are  used 
*  The  adhesion  is  given  in  some  experiments  by  Mr.  E.  Clarke. 
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in  vessels  required  to  be  steam-tight  or  water-tight,  and 
exposed  to  a  pressure  varying  from  10  to  100  Ibs.  on  the 
square  inch)  are  therefore  as  the  numbers  given  above, 
and  in  all  these  constructions  it  may  be  useful,  when  cal- 
culating the  strengths,  to  make  the  necessary  deductions 
for  the  loss  sustained  in  the  union  of  the  plates. 

Having  thus  established  correct  data  as  respects  the 
strengths  of  materials,  either  single  or  in  combination,  we 
shall  have  less  difficulty  in  their  application  to  the  con- 
struction of  vessels  exposed  to  severe  strains,  such  as 
boilers,  bridges,  or  iron  ships;  and  notwithstanding  the 
boasted  declaration  that  the  "wooden  walls  of  Old 
England"  are  our  surest  defences,  we  shall  not,  in  my 
opinion,  seriously  injure,  but  greatly  benefit  our  position, 
by  pinning  our  faith  to  the  iron  walls  as  a  material  of 
equal,  if  not  of  much  greater  security.  To  this  I  am 
satisfied  we  shall  shortly  arrive,  provided  we  persevere  in 
the  use  of  a  material  calculated  eventually  to  supersede 
every  other  in  the  construction  of  vessels  intended  for 
strength  and  the  maintenance  of  the  British  marine. 

In  the  construction  of  iron  ships,  three  important  con- 
siderations present  themselves :  — 
1st,  Strength  and  form. 
2nd,  Security. 
Lastly,  Durability. 

In  treating  of  the  first  of  these  divisions — strength  and 
form — it  will  be  necessary  to  ascertain  for  what  purpose 
the  vessel  is  to  be  used,  what  seas  it  has  to  navigate, 
and  what  description  of  work  it  has  to  perform.  Let 
us  assume  it  to  be  one  of  the  Atlantic  or  other  great 
ocean  steamers,  and  we  have  a  model  both  in  form  and 
tonnage  that  would  become  equally  formidable  as  a  war 
steamer,  or  useful  and  commodious  as  a  packet  calculated 
to  shorten  the  distance  between  the  extreme  points  of  a 
lengthened  voyage. 


AND   IRON    SHIP    BUILDING.  239 

In  these  considerations,  as  before  stated,  it  is  not  my 
intention  to  enter  upon  the  subject  of  modelling,  or  that 
form  of  vessel  best  calculated  to  offer  the  least  impedi- 
ment to  the  ship's  progress,  such  as  the  lines  of  least 
resistance,  and  other  points  which  bear  more  directly 
upon  the  form  at  the  bows  and  stern  than  upon  the 
question  of  durability  and  strength.  These  belong  more 
properly  to  the  naval  architect  or  ship-builder  than  to 
the  engineer,  whose  knowledge  may,  however,  be  advan- 
tageously employed  in  determining  the  best  and  most 
judicious  application  of  the  material.  And  certainly  I 
may  confidently  assert  that  I  know  of  no  construction 
which  affords  a  wider  scope  for  the  exercise  of  sound  and 
scientific  judgment,  or  which  demands  more  minute  and 
accurate  attention,  than  that  of  the  hull  of  a  ship,  which 
in  its  several  parts  ought  assuredly  to  possess  nearly  uni- 
form strength. 

To  this  important  part  of  the  question  I  would  direct 
your  careful  attention,  in  order  to  consider  it  in  all  those 
varied  forms  and  conditions  to  which  vessels  are  sub- 
jected under  strain;  whether  arising  from  tempestuous 
seas,  or  from  stranding,  under  circumstances  where  se- 
rious damage  occurs,  and  where  wooden  vessels  are  in 
danger  of  going  to  pieces,  and,  as  it  not  unfrequently 
happens,  are  entirely  lost.  In  the  former  case,  as  in  a 
tempest,  or  tornado  under  the  tropics,  where  wooden 
vessels  are  often  severely  strained,  there  is  much  to  be 
feared ;  but  in  the  iron  ship,  if  properly  constructed,  we 
have  greatly  increased  security,  and  provided  we  assume 
such  a  vessel  in  its  best  construction,  and  regard  it  simply 
as  a  huge  hollow  beam  or  girder,  we  shall  then  be  able  to 
apply  with  approximate  truth  the  simple  formulae  used  in 
computing  the  strengths  of  the  Britannia,  Conway,  and 
other  tubular  bridges. 

Let  us,  for  example,  suppose  a  vessel  of  similar  dimen- 
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sions  to  the  Great  Western  (the  first  steamer  that  suc- 
cessfully crossed  the  Atlantic),  212  feet  long  between 
the  perpendiculars,  35  feet  beam  and  23  feet  from  the 
surface  of  the  main  deck  to  the  bottom  of  the  sheathing 
attached  to  the  keeL  Now,  considering  a  vessel  of  this 
magnitude,  with  its  machinery  and  cargo,  to  weigh  3000 
tons  including  her  own  weight,  and  supposing  in  the 
first  instance  that  she  is  suspended  on  two  points  resting 
on  the  bow  and  stern  at  a  distance  of  210  feet,  as  shown 
at  fig.  26,  we  should  then  have  to  calculate,  from  some  for- 
mula yet  to  be  ascertained  by  experiment,  the  ultimate 
strength  of  the  ship. 

To  determine  this  formula  with  accuracy  is  a  work  of 
research:  in  the  meantime,  we  are  fortunate  in  having 
before  us  that  which  applies  with  so  much  certainty  to 
tubular  bridges  and  tubular  girders ;  and  all  that  is  re- 
quired in  this  case  will  be  to  ascertain  the  correct  sec- 
tional area  of  the  plates  to  prevent  the  tearing  asunder 
of  the  bottom,  and  the  quantity  of  material  necessary  to 
resist  the  crushing  force  along  the  line  of  the  upper  deck 
on  the  top.  It  is  true  that  the  necessary  data  have  yet 
to  be  determined,  but  the  iron  ship-builder  cannot  be  far 
wrong  if  he  assumes  the  breaking  weight  in  the  middle, 
at  the  point  "VV,  fig.  26,  to  be  equal  to  the  united  weights 
of  ship  and  cargo.  This,  in  the  case  before  us,  would 
give  an  ultimate  power  of  resistance  of  3000  tons  in  the 
middle,  or  6000  tons,  equally  distributed  along  the  ship 
with  her  keel  downwards.  On  some  future  occasion  I 
may  possibly  revert  to  this  subject ;  it  is  one  of  great 
interest,  and  not  unworthy  of  a  series  of  well-conducted 
experiments  to  determine  the  laws  of  greatest  resistance, 
and  the  principle  upon  which  iron  ships  should  be  built. 

Assuming  the  tests,  or  the  calculations  derived  there- 
from, to  be  correct,  let  us  now  reverse  the  strains,  and 
bring  the  vessel  into  a  totally  different  position,  as  in 
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fig.  27,  having  the  same  weight  of  cargo  on  board,  and 
supported  by  a  wave,  which  for  the  sake  of  illustration 

Figs.  26  and  27. 


we  may  consider  as  resting  upon  a  single  point,  as  at  A, 
in  the  middle. 

In  this  position  we  find  the  strain  reversed,  and  in 
place  of  the  lower  part  of  the  hull  of  the  ship  being  in  a 
-late  of  tension,  it  is,  on  the  contrary,  in  a  state  of  com- 
pression, and  the  whole  of  those  parts  below  the  neutral 
axis  are  subjected  to  that  strain.  On  the  other  hand, 
the  upper  part  is  in  a  state  of  tension,  and  that  tension, 
as  well  as  the  compressive  strain  below,  will  be  found  to 
vary  in  degree  in  the  ratio  of  the  distances  from  the 
centre  of  the  neutral  point,  round  which  the  two 
forces  of  tension  and  compression  revolve.  In  this  sup- 
posed position  we  may  venture  to  calculate  the  strengths, 
as  I  have  bee^  in  the  habit  of  doing,  in  order  to  ascertain 
the  limit  or  maximum  of  security,  and  act  as  if  the  vessel 
was  placed  in  trying  circumstances,  either  contending 
with  the  rolling  seas  of  a  hurricane,  or  suffering  the 

R 
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actual  suspension  of  either  portion  when  taking  the 
ground.  In  these  critical  positions,  we  arrive  at  the  con- 
clusion, that  calculations  founded  upon  the  formula  for 
wrought-iron  tubular  beams  will  determine  the  strength 
and  resisting  powers  of  an  iron  ship,  and  that  under  every 
contingency  and  every  circumstance  in  which  the  vessel 
can  be  placed.  Moreover,  it  will  give  a  wide  margin  of 
security  under  all  those  forms  and  conditions  of  peril  to 
which  every  vessel  navigating  the  ocean  is  exposed.  I 
am  fully  aware  that  many  thousand  vessels  are  now 
afloat  that  would  not  stand  one-third  of  the  tests  which 
I  have  taken,  but  that  is  no  reason  why  we  should  not 
endeavour  to  effect  a  more  judicious  distribution  of  ma- 
terial, and  produce  a  maximum  strength,  where  the  lives 
and  fortunes  of  the  public  are  at  stake. 

Our  next  consideration,  which  is  closely  allied  to  the 
last,  is  Security. 

On  this  question  we  have  fewer  difficulties  to  contend 
with ;  and  so  far  as  regards  construction,  I  have  endea- 
voured to  show  that,  in  order  to  build  a  ship  on  prin- 
ciples as  near  perfect  in  regard  to  security  as  circum- 
stances will  admit,  she  must  be  built  with  such  material, 
and  upon  such  foundations,  as  are  calculated  to  withstand 
the  trials  I  have  supposed  her  to  bear.  Exclusive,  how- 
ever, of  the  simple  strength  of  the  hull,  there  are  other 
considerations  which  require  attention,  such  as  the  danger 
from  fire,  leakage,  or  total  shipwreck.  In  naval  con- 
structions we  have  three  elements  to  contend  with,  fire, 
air,  and  water ;  and  although  we  may  effect  in  iron  con- 
structions extraordinary  powers  of  resistance  as  respects 
the  two  latter,  we  are,  nevertheless,  subject  to  consider- 
able risk  as  regards  the  former.  It  is  true  the  hull  of 
an  iron  ship  will  not  burn,  but  the  interior  fittings,  which 
are  chiefly  composed  of  wood,  if  once  ignited,  might 
destroy  everything  on  board,  unless  the  necessary  precau- 


AND   IRON   SHIP   BUILDING.  243 

tions  are  taken  by  iron  bulkheads  to  cut  off  the  commu- 
nication from  one  division  to  another.  In  my  own  expe- 
rience as  a  builder  of  iron  vessels,  I  have  found  these 
bulkheads  of  inestimable  value.  They  not  only  strengthen 
the  ship  transversely,  but  in  case  of  injury  to  any  part 
of  the  hull,  any  one  of  the  divisions  or  compartments 
might  be  filled  with  water,  and  perhaps  even  the  con- 
tents of  that  part  burnt,  without  endangering  the  ship. 
These  divisions,  in  fact,  should  be  so  arranged  as  to 
ensure  the  vessel  floating  under  circumstances  of  irre- 
parable damage  to  any  one  of  those  compartments,  and 
at  the  same  time  to  afford  protection  to  those  on  board. 
Again,  in  case  of  fire  —  in  the  lamentable  position  in 
which  the  "  Amazon "  was  placed  —  it  might  be  ad- 
visable to  have  the  extreme  stem  and  stern  bulkheads 
made  double,  with  an  air  space  between  them,  and  a 
valve  in  each  to  fill  them  with  water  up  to  the  line  of 
immersion,  and  thus  prevent  the  division  plates  on  that 
side  clear  of  the  fire  from  becoming  red-hot,  and  igniting 
the  timber  fittings  of  that  part,  which  for  the  time 
might  form  a  place  of  refuge.  Much  may  be  done  in  this 
way  to  mitigate,  if  not  to  avert,  the  calamitous  and  fatal 
consequences  which  ensue  on  such  occasions.  Bulk- 
heads of  this  description,  coming  up  to  the  underside  of 
the  upper  deck,  might  obstruct,  to  some  extent,  the 
communication  between  decks  from  one  compartment  to 
another ;  but  I  believe  a  sufficient  freedom  of  access  from 
one  part  to  another  might  easily  be  effected  by  well- 
constructed  iron  doors,  to  be  closed  in  case  of  accident, 
which  would  thus  become  effectual  barriers  to  the  fire 
spreading  over  the  ship. 

In  carrying  these  objects  into  effect,  we  must  not  only 
recur  to  the  use  of  iron  in  every  case  where  packet-ships 
and  steamers  are  employed,  but  they  apply  with  the  same 
force  to  Her  Majesty's  Navy,  and  particularly  to  steam- 
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frigates  and  ships  of  war  with  auxiliary  power.  It  is  true, 
that  the  experiments,  already  referred  to,  on  the  dangerous 
effects  of  shot  on  the  iron  hull,  are  alarming;  but  the 
amount  of  risk  and  destruction  is  always  one  of  degree, 
and  I  doubt  whether  the  effects  of  shot  on  wooden  vessels 
are  less  terrible  than  those  indicated  by  the  experiments 
on  the  iron  ship;  undoubtedly  bulkheads  and  such  con- 
trivances do  more  than  claim  in  point  of  security  a  decided 
advantage  over  the  wooden  constructions,  and  we  have 
yet  to  learn  what  remedies  may  safely  be  applied  to  avert 
the  risks  consequent  upon  the  effects  of  shot  against  the 
sides  of  an  iron  ship.  Besides,  we  are  not  yet  satisfied 
that  these  effects  are  so  dangerous  as  they  have  been 
represented.  On  the  contrary,  I  am  of  opinion  that  they 
have  been  greatly  exaggerated,  and  that  increased  expe- 
rience will  show  that  iron,  under  all  the  circumstances, 
affords  greater  security,  whether  for  war  or  commerce, 
than  any  other  description  of  material  whatever.  As  a 
proof  of  the  advantages  peculiar  to  iron  as  a  material  for 
ship  building,  and  the  greatly  increased  security  it  offers 
in  comparison  with  wood,  I  would  refer  to  a  letter  and 
sketch  of  the  condition  of  the  steamer  "  Vanguard,"  * 
which  ran  foul  of  a  reef  of  rocks  on  the  west  coast  of 
Ireland,  and  continued  exposed  to  the  swell  of  the  Atlantic 
beating  her  upon  them  for  several  days  with  comparatively 
little  injury,  excepting  only  the  corrugation  of  the  plates, 
as  shown  at  a,  a,  a,  &c.,  fig.  28,  in  her  bottom,  which  were 
dinged  and  distorted  in  every  possible  form,  but  without 
effecting  a  separation  in  any  part  of  the  hull.  Another 
instance  is  that  of  the  "  Great  Britain,"  which  stood  the 
action  of  heavy  seas  beating  her  upon  the  sands  and  rocks 
ui  I  .hind rum  Bay  for  a  whole  winter,  and  that  without  any 
serious  damage  to  the  hull  or  any  other  part  of  the  ship. 
These  arc  facts  which  epeak  volumes  in  favour  of  security, 

*  Sec  Appendix,  No.  VII. 
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and  the  utility  of  iron  in  attaining  that  desirable  object. 
It  is  true,  that  many  objections  may  be  urged  against  it 
when  applied  to  certain  constructions ;  but  judging  from 
experience,  I  am  strongly  inclined  to  think  that  we  have 
yet  much  to  learn,  and  much  to  accomplish,  in  the  applica- 
tion and  distribution  of  iron  in  those  constructions  which 
more  immediately  apply  to  the  security  of  our  war  and 
mercantile  marine. 

Durability.  —  On  this  part  of  the  subject  there  is  con- 
siderable difference  of  opinion,  but  a  very  cursory  view  of 
the  question  will  at  once  show  the  great  superiority  of 
iron  to  timber.  In  another  part  of  this  communication,  I 
have  given  the  comparative  strength  of  iron  and  the  best 
English  oak,  in  which  it  is  proved  that  iron  as  a  material 
is  five  times  stronger  than  oak.  This  is,  however,  not  the 
only  question  which  enters  into  the  subject  of  durability, 
as  the  jointing  of  the  one  is  incomparably  superior  to  that 
of  the  other. 

Figs.  28  and  29. 


In  the  building  of  ships  of  the  line,  or  large  merchant 
vessels,  the  keel,  beams  and  timbers  are  generally  of  oak 
or  teak,  made  of  three  pieces  most  ingeniously  contrived 
and  united  by  scarphs  to  each  other  to  ensure  strength. 
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The  ribs  or  frames,  which  are  solid  and  close  to  each  other, 
are  scarphed  and  jointed  in  the  same  way ;  and  the  outer 
sheathing,  which  is  copper-fastened,  is  also  attached  with 
great  care,  and  by  crossing  the  vertical  joints  of  the  frames 
great  strength  is  obtained.  The  connexion  of  the  deck 
beams  to  the  frames  by  strong  iron  knees  is  another  source 
of  strength ;  but  with  all  the  care,  ingenuity,  and  skill 
bestowed  upon  this  construction,  it  is  far  from  perfect  in 
point  of  strength.  Timber-built  vessels,  when  pitching 
and  rolling  in  heavy  seas,  are  subjected  to  severe  strains 
by  the  changes  which  are  constantly  in  operation,  and 
which  produce  motion  at  every  joint;  and  it  not  unfre- 
quently  happens  that  the  seams  open  and  close  to  an 
extent  sufficiently  decisive  as  to  the  nature  of  the  structure 
and  defective  union  of  the  parts.  Now  we  may  venture 
to  state,  that  in  the  iron  'ship,  when  all  the  parts  are 
soundly  riveted  together,  there  are  no  joints.  The  whole 
may  be  considered  continuous,  and  consequently  there  can 
be  no  yielding,  except  from  what  may  be  considered  the 
elasticity  of  the  united  mass,  and  this,  like  every  other 
kind  of  material,  must  yield  to  the  disturbing  causes  which 
affect  it.  The  plates  of  iron-built  ships,  it  will  be  ob- 
served, are  the  same  as  the  planking  or  sheathing  of  those 
built  of  timber,  and  the  plates  are  riveted  to  strong  iron 
ribs,  as  exhibited  in  the  annexed  cut,  fig.  30,  from  15  to  18 

Fig.  so. 


inches  asunder,  and  answering  the  same  purpose  as  the 
solid  framing  of  a  vessel  composed  of  teak  or  oak. 

On  this  question  I  will  not,  however,  at  present,  attempt 
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to  go  further  into  detail ;  suffice  it  to  observe,  that  if  the 
iron  ship  be  well  proportioned  in  its  parts,  double  riveted 
at  the  joints,  and  the  material  judiciously  distributed,  so 
as  to  apply  the  greatest  strength  in  the  direction  of  the 
greatest  strain,  we  may  reasonably  calculate  on  a  perfectly 
secure  and  durable  vessel. 

As  respects  the  comparative  merits  of  wood  and  iron 
vessels  on  the  score  of  durability,  I  am  of  opinion  that  the 
public  has  entertained  very  erroneous  views,  with  reference 
especially  to  oxidation,  which  for  the  last  twenty  years 
has  been  the  "  rock-a-head "  of  every  iron  ship.  The 
extent  of  this  evil  has  been  greatly  exaggerated ;  for  there 
are  instances  of  several  iron  vessels  built  twenty  years 
ago,  which  are  still  in  existence,  with  no  sensible  appear- 
ance of  corrosion  or  decay,  and,  what  is  of  equal  importance, 
without  having  required  repairs,  if  we  except  a  few  coats 
of  oil-paint,  or  the  application  of  some  other  anti-corrosive 
substance  to  neutralise  the  effects  of  the  oxygen  of  the 
atmosphere  upon  the  material.  Nature,  however,  comes 
to  our  assistance  in  this,  as  in  almost  every  other  attempt 
in  the  constructive  arts,  and  seems  to  confirm  the  proverb, 
that  a  "  bright  sword  never  rusts ; "  for  it  is  with  iron 
ships  as  with  iron  rails;  when  in  constant  use,  there  is 
little,  if  any,  appearance  of  oxidation. 

Taking,  therefore,  all  the  circumstances  into  considera- 
tion, we  may  reasonably  conclude  that  much  has  yet  to  be 
done  in  this  department  of  the  useful  arts ;  and  I  have  no 
doubt  that  the  iron  ship  of  British  origin  will  yet  ride 
triumphant  on  every  sea  as  the  harbinger  of  peace,  the 
supporter  of  commerce,  and  the  great  and  only  security  of 
our  national  defence. 

If,  in  my  attempts  to  elucidate  a  subject  of  such  vast 
extent,  and  of  such  great  national  importance,  as  the  pre- 
sent, I  have  succeeded  in  conveying  to  your  minds  that 
knowledge  which  it  is  important  we  all  should  possess, 

B  4 
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I  have  attained  the  principal  object  of  my  appearance  in 
this  place. 

Bear  in  mind,  that  in  every  attempt  to  achieve  success 
in  any  important  undertaking,  we  must  fortify  our  minds 
and  correct  our  judgments  with  a  knowledge  of  physical 
truth.  There  is  no  sound  construction  without  it,  and  we 
have  only  to  follow  Nature,  look  up  to  Nature's  laws,  and 
apply  them  with  careful  discrimination  to  arrive  at  the 
best  results. 
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An  Experimental  Inquiry  into  the  Strength,  of  Wrought-Iron 
Plates  and  their  Riveted  Joints  as  applied  to  Ship-building 
and  Vessels  exposed  to  severe  Strains* 

THE  experiments  herein  recorded  were  instituted  early  in  the 
spring  of  1838,  and  before  the  close  of  the  following  winter 
most  of  them  had  been  completed  ;  owing,  however,  to  a  long 
series  of  professional  engagements,  they  have  stood  over  (with 
the  exception  of  some  additions  made  in  the  following  year)  to 
the  present  time.  The  object  of  the  inquiry  was  twofold — 
first,  to  ascertain  by  direct  experiment  the  strength  of  wrought- 
iron  plates  and  their  riveted  joints  in  their  application  as 
materials  for  ship-building ;  and,  secondly,  to  determine  their 
relative  value  when  used  as  a  substitute  for  wood.  On  these 
two  points  it  cannot  be  expected  that  our  knowledge  should  be 
far  advanced,  as  a  very  few  years  have  elapsed  since  it  was 
asserted  that  iron,  from  its  high  specific  gravity,  was  not  calcu- 
lated for  such  a  purpose,  and  that  the  greatest  risk  was  likely 
to  be  incurred  in  attempting  to  construct  vessels  of  what  was 
then  considered  a  doubtful  material.  Time  has,  however, 
proved  the  fallacy  of  these  views,  and  I  hope,  in  the  following 
experiments,  to  show  that  the  iron  ship,  when  properly  con- 
structed, is  not  only  more  buoyant,  but  safer  and  more  durable 
than  vessels  built  of  the  strongest  English  oak. 

*  Philosophical  Transactions,  Part  II.  1850,  p.  677. 
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At  the  commencement  of  the  experiments  I  felt  desirous  of 
conducting  them  upon  a  scale  of  such  magnitude  as  would  sup- 
ply sound  practical  data,  and  at  the  same  time  establish  a  series 
of  results  calculated  to  ensure  confidence  as  well  as  economy  in 
the  use  of  the  material.  My  views  were  ably  carried  out  by 
Mr.  Hodgkinson,  who  conducted  the  experiments  under  my 
direction,  and  from  whom  I  received  valuable  assistance. 

In  conducting  the  investigation,  I  found  it  necessary  to  divide 
the  subject  into  four  distinct  parts  : — 

1st.  The  strength  of  plates  when  torn  asunder  by  a  direct 
tensile  strain  in  the  direction  of  the  fibre,  and  when  torn 
asunder  across  it. 

2ndly.  On  the  strength  of  the  joints  of  plates  when  united 
by  rivets  as  compared  with  the  plates  themselves. 

Srdly.  On  the  resistance  of  plates  to  the  force  of  compres- 
sion, whether  applied  by  a  dead  weight  or  by  impact. 

And  lastly.  On  the  strength  and  value  of  wrought-iron 
frames  and  ribs  as  applied  to  ships  and  other  vessels.* 

PART  I. 

At  the  commencement  of  iron  ship-building,  in  which  I  took 
an  active  part,  the  absence  of  acknowledged  facts  relative  to 

*  Several  important  facts  and  improvements  in  the  construction  of  iron 
ships  have  been  ascertained  since  my  experiments  were  made,  but  I  appre- 
hend none  of  them  have  tended  in  the  least  degree  to  diminish  their  value. 
Nor  have  they,  to  the  best  of  my  knowledge,  been  superseded  by  others 
of  a  more  elaborate  or  more  decisive  character.  It  is  true  that  a  scries  of 
interesting  and  important  experiments  have  been  made  at  the  instance  of 
the  Admiralty  on  the  effect  of  shot  upon  the  sides  of  iron  ships.  At  some 
of  these  experiments  I  had  the  honour  to  be  present,  and  witnessed  some 
<m  ions  and  unexpected  results. 

The  first  scries  was  conducted  at  the  Arsenal,  Woolwich,  and  subse- 
quently others  were  made  at  Portsmouth.  Both  were  important  as  respects 
the  effect  of  shot  upon  wrought-iron  plates,  with  enlarged  and  diminished 
charges  of  powder  and  at  different  velocities,  but  discouraging  as  regards 
the  use  of  iron  in  the  construct  on  of  ships  of  war.  These  experiments, 
however  interesting  in  themselves,  do  not  appear  to  be  conclusive  ;  and  it 
is  to  be  hoped  that  the  apparent  danger,  indicated  by  the  experiments,  may 
yet  be  overcome,  and  the  superiority  as  well  as  the  greater  security  of  the 
iron  ship  fully  established. 
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the  strength  and  varied  conditions  under  which  the  material 
was  applied,  was  the  principal  reason  which  induced  me  to 
r  upon  this  inquiry.  I  have  extended  the  investigation  into 
the  best  methods  of  riveting,  and  the  proportional  strength  of 
rivets,  joints,  &c.,  as  compared  with  the  plates  and  the  uses  for 
which  they  are  intended.  The  latter  is  a  practical  and  highly 
important  inquiry,  as  great  difference  of  opinion  exists,  amongst 
engineers  and  others,  as  to  the  form,  strength,  and  proportions 
of  rivets,  and  the  joints  of  which  they  form  an  essential  part. 
I  therefore  considered  an  experimental  investigation  much 
wanted,  not  only  on  account  of  its  important  practical  bearing, 
but,  what  was  probably  of  equal  value,  in  order  to  remove 
existing  discrepancies,  and  to  establish  a  sounder  principle  of 
construction  founded  upon  the  unerring  basis  of  experiment. 
From  these  considerations  I  bestowed  increased  attention  upon 
the  inquiry,  and  endeavoured  to  render  it  practically  useful. 
Before  detailing  the  experiments,  it  may  be  necessary  to  describe 
the  apparatus  by  which  the  results  were  obtained. 

The  annexed  drawings,  Plate  I.,  represent  a  side  and  end 
view  of  the  apparatus  used  in  the  experiments.  The  large  lever 
A  was  made  of  malleable  iron,  and  was  fixed  to  the  lower  cross 
beam  B  (fig.  1 )  by  a  strong  bolt  O,  which  passed  through  it  at  B. 
At  the  top  end  of  this  bolt,  a  preparation  was  made  to  receive 
the  end  of  the  lever,  and  by  means  of  the  screw-nut  at  a,  the 
Irvcr  A  was  raised  or  lowered  to  suit  the  length  of  the  plates  to 
be  experimented  upon.  Upon  the  top  side  of  the  beam,  and 
under  the  gable  wall  of  a  building  five  stories  high,  were  placed 
two  cast-iron  columns,  D,  D,  which  retained  the  beam  B  in  its 
place,  and  prevented  it  from  rising  when  the  lever  was  heavily 
loaded  during  the  experiment.  The  frame  E  guided  the  end 
of  the  lever  and  the  weight  W,  and  close  to  the  fulcrum  were 
placed  two  wooden  standards,  F,  F,  on  which  were  fixed  the  cast- 
iron  saddles  receiving  the  cross  bar  G,  from  which  the  plates 
to  be  experimented  upon  were  suspended.  These  plates  were 
nearly  all  of  the  same  form,  as  shown  at  H,  and  were  made  nar- 
rower in  the  middle  to  ensure  fracture  in  that  part ;  the  ends, 
as  at  b9  by  had  plates  riveted  to  them  on  both  sides,  in  order  to 
strengthen  them  at  those  parts  when  attached  to  the  bolts  and 
shackle  under  strain. 
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The  specimens  thus  prepared  were  suspended  by  the  cross 
bolts  t,  t,  and,  resting  upon  the  standards,  were  torn  asunder 
by  weights  suspended  from  the  large  beam,  as  exhibited  in  the 
Plate. 

In  addition  to  the  large  weight  W,  a  strong  scale  was 
attached  to  the  extreme  end  of  the  lever  at  I,  for  the  purpose  of 
increasing  the  weights  when  required  in  the  larger  description 
of  experiments,  and  by  the  application  of  a  pair  of  blocks  and 
the  windlass  K,  the  load  was  removed,  and  the  changes  pro- 
duced upon  the  plates  were  by  these  means  carefully  deter- 
mined. 

The  following  data  respecting  the  weight  W,  lever,  shackle, 
&c.,  are  taken  from  the  actual  weights  from  which  the  calcu- 
lations are  made : — 

Ibs. 

W.  The  weight  with  its  carriage   -  2552 

A.    The  weight  of  the  beam  -  1070 

2  A.   The  weight  of  the  beam  -  2140 

3  A.    The  weight  of  the  beam  -  3210 
K.    Shackle-  24 

4  K.    Shackle  -  96 
6  K.    Shackle  -                                                        144 

Experiments  to  ascertain  the  Strength  of  Plates,  fyc. 

In  the  following  experiments  all  the  plates  were  of  uniform 
thickness,  and  of  the  form  exhibited  in  fig.  2  in  the  column  of 
remarks  ;  the  ends  had  plates  riveted  to  them  on  both  sides,  to 
render  them  inflexible  ;  they  had  holes,  o,  o,  bored  through 
them  perpendicular  to  the  plate,  in  order  to  connect  it,  by 
bolts,  with  the  apparatus  for  tearing  it  asunder  in  the  part  A  B, 
which  was  made  narrower  than  the  rest.  The  centres  of  the 
holes  o,  o  were  in  a  direct  line  through  the  middle  between  A 
and  B.* 

•  For  the  appearance  of  the  fractures,  see  Plate  III  ft  seq. 
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TABLE  I.  Strength  of  Plates. — Low  Moor  Yorkshire  Iron. 


No. 
of  Ex- 
ptrl. 

menu. 

Description  of  Plate 
and  Dimensions  in 
the  Middle. 

Weight 
laid  on  in 
Ibs. 

Reduced  Dimen- 
sions in  Middle  of 
Plate  throuKh 
Weights  laid  on. 

Breaking 
Weight 
in  Ibs. 

Mean  breaking 
Weight  in  Ibs. 

1. 

2. 
3. 

Fig.  5 

the 

Rema 
ated, 
plate 
than 
In  the 
unio 
in  tt( 

Drawn  in  the  direc- 
tion of  the  fibre. 
Area  of  section  in  the 
middle 
2-OOx-22  =  '44in.       - 

24,043 
25,531 
23,571 

l-96x'21 
1-89X-19 
Reduced 
1-93  X-  18 

1-94  xM8 

^_ 

25,531 
24,747 

25,923 
Fig.  2. 
A 

25,400,   or   2V77 
tons  per  square 
inch. 

-       25,923 

.    Plan  and  section  of  the  plates 
line  AB  being  that  of  the  fracture 

rkt.  —  All  the  plates  were  lamin- 
as   if  formed  of  three  or   mon 
•,  the  external  ones  being  thinnei 
the  internal  ones.* 
t  last  experiment  there  was  a  dis- 
i  between   the  lamina   which  ad- 
sd  the  point  of  a  penknife. 

000 

o°oo 

00  O 

J 

0  OO 

o°oo 

000 

1 

^         B         > 

x-w  f^  ^-^ 

4. 

Same     iron     drawn 
across  the  fibre. 
Area  of  section 
2-OOx'22=-44in.       - 

Remark.  —  This,  it 

23,179 
24,355 
25,923 
27,009 

will  be  seer 

Altered. 
1-99X-215 

2-2X-I9 
i,  did  not  break  at 

27,099 
he  narrow 

27,099,    or    27'49 
tons  per  square 
inch. 

»st  place. 

The  results  obtained  from  the  Low  Moor  plates  in  Tables  I. 
and  II.  give  fair  indications  of  their  strength.  It  will  be 
observed,  on  comparing  the  mean  of  the  breaking  weights  in 
this  case  with  the  experiments  of  Brown  and  Telford,  that  there 
is  a  very  slight  difference  between  the  strength  of  plates  and 
bar  iron. 

Taking  the  results  of  Captain  Brown,  we  have  in  eight 
experiments  on  Swedish,  Welsh,  and  Russian  iron,  25  tons  as 

*  Nearly  the  whole  of  the  plates  manufactured  in  this  country  are  lami- 
nated, owing  to  the  manner  in  which  the  shingles  are  formed,  by  piling  a 
number  of  flat  bars  one  upon  another,  which  are  made  larger  or  smaller 
according  as  the  plate  may  be  required  heavier  or  lighter. 


256 


APPENDIX. 


a  mean   of  the  breaking  weight  when   reduced  to   an   inch 
square. 

TABLE  n.  Strength  of  Plates. — Low  Moor  Yorkshire  Iron. 


No.  of 
Ex- 
perl, 
ments. 

Description  of  Plate 
and  Dimension!  in 
the  Middle. 

Weight 
laid  on  in 
Ibs. 

Reduced  Dimen- 
sions in  Middle  of 
Plate  through 
Weights  laid  on. 

Breaking 
Weight 
in  Ibs. 

M^an  breaking 
Weight  in  Ibs. 

5. 

6. 

Rema 
In  the 
did 
not 

Same  iron  as  in  Table 
I.,  drawn  across  the 
fibre. 
Area  of  section 

2-00  x  '22=  -41  in. 

rkf  —  The  form  and  siz( 
sc  experiments  it  was  c 
not  break  at  the  narrow 
appear  to  be  anything  ii 

24.355 
26,315 
23,571 

$  of  specim 
bserved,  as 
est  part  ;  a 
i  the  appar 

Stretching. 
21-5  x*20 
2-25X-20 

an  as  before,  fig.  2. 
in  No.  4.  in  the  pr 
circumstance  the  i 
atus  to  cause  it. 

26,315 
23,571 

eceding  Ta 
nore  anom 

25,662,  or  26-037 
tons  per  square 
inch. 

ble.  that  the  plate 
alous,  as  there  did 

7. 
8. 

Rema 
Exp.t 
oft] 
but 

Same    iron,    thicker 
plates,  drawn  in  di* 
rection  of  fibre. 
Area  of  section 
2-OOx  26='52  in.       - 

rkt  —  Exp.  7.    Very  un 
.  The  fracture  of  this  s 
le  area  had  the  appeara 
aminated,  as  muiuione 

27,099 
25,923 

iform  in  te 
;>ccimen  sh 
ice  of  stee 
d  before. 

Thickness  '25 
1-96X-24 

xture. 
owed  a  great  want  c 
.    All  the  other  pi 

27,099 
25,923 

f  regularit 

••'  •  ••;  :  •  ; 

26,511,   or    22-76 
tons  per  square 
inch. 

r;  ;il  >ou  tone-third 
eil  to  be  uniform. 

In  Mr.  Telford's  experiments  on  Swedish,  Welsh,  Staffordshire 
and  faggoted  iron,  the  mean  breaking  weight  obtained  from  nine 
different  bars  was  29J  tons  to  the  square  inch.  The  comparison 
will  then  be — 

Captain  Brown's  experiments,  25  tons  to  the 

square  inch  -  • 

Minord  and  Desames'  experiments,  23  tons  to    Mean 

the  square  inch      -  •  •  -|  26*41  tons. 

Mr.  Telford's  experiments,  29J   tons  to  the 

square  inch  .... 

Yorkshire  plates'  experiments,  24  J  tons  to  the 

square  inch. 

Making  the  strength  of  plates  to  that  of  bars  as  24*o :  26*4,  be- 
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ing  a  comparatively  small  difference  in  their  respective  powers 
to  resist  a  tensile  force. 


TABLE  III.  Strength  of  Plates.  —  Derbyshire  Iron. 


No.  of 
Ex- 
perl- 
ments 

Description  of  Plate 
and  Dimensions  in 
the  Middle.  , 

Weight 
laid  on  in 
Ibs. 

Reduced  Dimen- 
sion* in  Middle  of 
Plate  through 
Weights  laid  on. 

Breaking 
Weight 
in  Ibs. 

Mean  breaking 
Weight  In  Ibs. 

9. 
10. 

Rema 
ait 

Exp. 
stee 

Drawn  in  the  direc- 
tion of  the  fibre. 
Area  of  section 
2-00  X  '28  in.")         fe 

I  *i 

2-OOx-29ln.J         £ 

rkt.  —  Form  of  specimi 
lown  in  Table  I. 

0.  There  was  a  stripe 
across  the  fracture  nea 

21,219 
28,667 

21,219 
26J07 

:n  the  sam 

resemblin 
r  one  side 

Stretched. 
2-00  x"/7 

Sinking. 
Sinking. 
2-15  X  -27 

28,667 

26,707 
Fig.  3. 

27,687,    or    21  68 
tons  per  square 
inch. 

000 

e  ooo 

.  000 

J  n  n  n 

OQO 

^ 

•  •*  i  i1  .^.  .  ._•  •  . 

^0  0  O 

""     T"»_F  -K.t*il"'»iF" 

11. 

12. 

Re  mat 
rest 
Exp.  1 

Plates  drawn  across 
the  fibre. 
Area  of  section 
2-OOx-28=  56  in. 

2«OOx-28=-56in.       - 

*».  —  Exp.  11.    In  the 
was  laminated  but  imp< 
2.  Short  streaks  of  stee 

22,395 
23,179 
24,747 

broken  su 
•rfectly. 
I  in  fractur 

Stretching. 
Thickness  -27 
2-00  x  -28 

rface  there  seemed 
ed  surface. 

23,179 
24,747 

to  be  a  str 

23,963,    or    18-65 
tons  per  square 
inch. 

atum  of  steel,  the 

If  we  compare  the  results  in  the  Derbyshire  plates  with  those 
in  the  preceding  Tables,  we  have  in  the  mean  of  four  experi- 
ments a  ratio  of  20-165  : 24-850,  or  5  to  6  nearly. 

Again,  by  comparing  the  same  plates  with  the  mean  strength 
of  bars  reduced  to  an  inch  square,  the  difference  will  be  as  20  to 
26,  being  an  excess  of  6  tons  in  favour  of  the  bars. 
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TABLE  IV.  Strength  of  Plates.  —  Shropshire  Iron.  * 


No.  of 
nTn"1! 

Description  of  Plate 
and  Dimensions  in 
the  Middle. 

Weight 
laid  on  in 
Ibs. 

Reduced  Dimen- 
sions in  Middle  of 
Plate  through 
Weights  laid  on. 

Breaking 
Weight 
in  Ibs. 

Mean  breaking 
Weight  in  Ibs. 

13. 
14. 

Urnia 
In  the 
spot 
Exper 
the 

Drawn  in  the  direc- 
tion of  the  fibre. 
Area  of  section 
2-00  X'265=-53  ill.     - 

28,275 
25,923 

L 
uniform,  ei 

k  up  the  m 
well  unitet 

27,099,  or  22-926 
tons  per  square 
inch. 

cept  a  few  bright 

iddle  showed  that 
L 

rks  —  Form  of  specimen  the  same  as  shown  in  Table  1 
first  experiment  the  fracture  showed  an  iron  very 
s  like  steel, 
iment  14.  Appearance  of  fracture  as  before,  butacrac 
>late  was  formed  of  two  plates  of  equal  thickness  not 

15. 

16. 
Rema 

Plates  of   the    same 
iron    drawn    across 
the  fibre. 
2  00  X  '205=  -53  in.     - 

26,315 

25,923 
in  last  exp 

26,119,  or  22  tons 
per        square 
inch. 

eriment. 

rk  Fracture  as  before,  with  a  laminated  division,  as 

TABLE  V.  Strength  of  Plates.  —  Staffordshire  Iron. 


17. 

18. 

Rema 
Fracti 
had 
app< 

Drawn  in  the  direc- 
tion of  the  fibre. 
2-OOX-26—  -52in.       - 

- 

23,571 
22,003 

e  four  |irr 
was  witho 

22,78^  or   WM3 
tons  per  square 
inch. 

:eding  plates.    It 
ut  any  laminated 

r  A-*.—  Form  of  specimen  the  same  as  before.  Table  I. 
ire  dark  grey  colour,  very  similar  to  that  from  th 
however,  a  few  specks  of  bright  matter  in  it,  and 
sarance. 

19. 

20. 

A'  mn 
talh 
This  1 
Surfa< 
like 

Plates  of   the    same 
iron    drawn    across 
the  fibre. 
Area  of  section 

24,335 

25,531 
surface,   t 

lire  iron, 
ne-half  be 

24,943,    or    21-01 
tons  per  square 
inch. 

urilh  bright  crys- 
ing  bright  matter 

rki.  —  Irregular  in  tex 
sed  matter  like  steel, 
ron  has  much  of  the  sa. 
:e  of  fracture  showed  I 
steel. 

23-571 

tu  re.  air  hi 

me  irreguh 
he  iron  to 

Thickness  -26 
ibbles  in  fractured 

rity  as  the  Derbys 
be  very  irregular,  c 

The  Shropshire  iron  gives  better  indications  of  strength  than 
those  obtained  from  the  Derbyshire  plates  ;  the  mean  br« 
weights  in  the  last  Table  being  22*41  tons.    From  the  Yorkshire 
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I»l;iteswehave  a  mean  breaking  weight  of  24*85  tons,  exhibiting 
a  difference  of  2^  tons  in  favour  of  the  Yorkshire  iron,  and  2  tons 
or  about  T^th  greater  than  the  Derbyshire. 

On  comparing  the  strengths  of  the  different  irons,  it  appears 
that  the  Derbyshire  and  Staffordshire  plates  are  nearly  equal,  the 
former  indicating 2(M 65  tons  as  the  mean  of  the  breaking  weight 
per  square  inch,  and  the  latter,  as  in  the  preceding  Table,  20*28 
tons  per  square  inch.  The  same  comparison  further  applies  to 
the  above  and  those  made  on  the  Derbyshire  plates  in  Table 
III. 

Taking,  therefore,  the  results  as  derived  from  these  experi- 
ments, it  will  be  observed  that  in  every  instance  little  or  no 
difference  appears  to  exist  in  the  resisting  powers  of  plates, 
whether  drawn  in  the  direction  of  the  fibre  or  across  it.  This 
fact  is  clearly  established  by  the  following  comparison,  which 
evidently  shows  that,  in  whatever  direction  the  plates  are  torn 
asunder,  their  strength  is  nearly  the  same. 


Yorkshire  plates 
Yorkshire  plates 
Derbyshire  plates 
Shropshire  plates 
Staffordshire  plates     - 

Mean 

Mean  breaking 
Weight  in  the  Direc- 
tion ol'  the  Fibre, 
iu  tons  per  Square 
Inch. 

Mean  breaking 
Weight  across  the 
Fibre,  in  Tons  per 
Square  Inch. 

-25770 
22760 
21-680 
22-826 
19-563 

27-490 
26037 
18-650 
22-000 
21-010 

22-519 

23-037 

Or  as  22*5  : 23*0,  equal  to  about  ¥V in  favour  of  those  torn  across 
the  fibre.* 

*  In  some  experiments  by  Navier  upon  the  strengths  of  plates  of  wrought 
iron,  both  in  the  direction  of  the  fibre  and  perpendicular  to  it,  he  found 
them  as  40  8  to  3G-4.  The  new  methods  of  piling  the  rough  bars  before 
rolling  may  however  account  for  the  difference,  and  in  a  great  measure 
determines  the  strength  of  the  plate.  In  this  country  the  process  of  piling 
is  by  equal  layers  of  flat  bars  at  right  angles  to  each  other,  which  pro- 
duces great  uniformity  of  strength  and  texture  in  the  manufacture.  At 
other  places  there  is  sometimes  a  difference  in  the  mode  of  piling,  which 
varies  the  texture  of  the  plate,  and  also  the  strength  of  the  layers  is  greater 
in  one  direction  than  another. 
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From  the  above  it  is  satisfactory  to  know,  so  far  as  regards 
uniformity  in  the  strength  of  plates,  that  the  liability  to  rupture 
is  as  great  when  drawn  in  one  direction  as  in  the  other ;  and  it 
is  not  improbable  that  the  same  property  would  be  exhibited, 
and  the  same  resistance  maintained,  if  the  plates  were  drawn  in 
any  particular  direction  obliquely  across  the  fibrous  or  laminated 
structure. 

In  order,  however,  to  establish  the  relative  powers  of  resistance 
in  plates  of  rolled  iron,  I  have  endeavoured  to  tabulate  the  re- 
sults, as  derived  from  the  preceding  experiments,  in  such  form 
as  will  indicate  their  respective  values,  and  place  them  in  com- 
parison with  each  other,  and  also  with  those  made  on  the  bars 
by  Telford  and  Brown.  The  comparisons  are  made  from  the 
Yorkshire  plates,  as  producing  the  best  results ;  and  conceiving 
them  to  be  a  fair  average  of  the  strength  of  rolled  iron,  I  have 
selected  them  as  the  standard  of  comparison. 

Comparative  results  of  rolled  iron  as  derived  from  experiment, 
the  Yorkshire  plates  being  unity. 


Name*  of  Iron. 

No.  of 
Experi- 
ments. 

Mean 
breaking 
Weight  in 
Tons  per 
Square 
Inch. 

Mean 
breaking 
Weight  in 
Tons  per 
•MO* 
Inch. 

Ratio  of  the  Strength  of 
Plates  drawn  in  the  Direc- 
tion of  the  Fibre,  and 
across  it.    Also  of  rolled 
and  faggoted  Bar*  drawn 
in  the  Direction  of  the 
Fibre. 

Yorkshire  plates    - 
Derbyshire  plates  - 
Shropshire  plates  - 
Staffordshire  plates 

Mean  -       * 

8 

4 
4 
4 

25-514 

20-160 
22-413 
20-264 

1  :  0-7882 
1  .*  0  8789 
1  :  0-7946 

'-. 

25*514 

20-945 

1  :  0-8209 

From   Mr.  Telford 
and  Capt  Brown's 
experiments      on 
bars 

» 

•                      - 

26-41 

1  :  1-0351 

II  ic  it  will  be  observed,  that  the  difference  between  the 
strength  of  the  Low  Moor  plates  in  their  resistance  to  a  ten* 
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sile  strain,  when  compared  with  bar  iron,  is  inconsiderable  ;  but 
taking  the  mean  of  the  other  irons,  viz  the  Derbyshire,  Shrop- 
shire, and  Staffordshire,  there  is  a  falling  off  in  strength  of 
about  21  per  cent.,  the  ratio  being  in  favour  of  bar  iron  as 
1-035: -8209. 

In  treating  of  the  strength  of  iron,  it  may  be  useful  to  com- 
pare the  foregoing  experiments  on  the  tensile  strength  of  plates 
with  those  of  a  similar  description  on  timber.  On  this  subject 
I  feel  the  more  desirous  of  establishing  a  comparison,  as  the  two 
kinds  of  material  are  now  applied  to  similar  purposes,  such  as 
ship-building  and  other  constructions,  and  the  question  becomes 
every  day  more  important  as  to  which  of  the  two  materials  is 
the  best.  There  is  every  reason  to  believe  that  the  advocates 
of  improvement  would  arrange  themselves  on  the  side  of  iron, 
and  those  for  the  "  wooden  walls"  would  be  equally  zealous  on 
that  of  timber.  This  is,  however,  a  question  which  time  and 
experience  alone  can  determine ;  and  conceiving  that  our  know- 
ledge of  the  properties  of  iron,  as  a  material  for  ship-building, 
is  far  from  perfect,  we  may  safely  leave  its  final  decision  to  the 
evidence  of  experimental  research,  and  a  more  extended  appli- 
cation of  its  practical  results. 

When  we  attempt  a  comparison  of  the  value  of  one  material, 
in  its  application  to  a  specific  purpose,  with  that  of  another 
material  similarly  applied,  the  comparison  is  only  correct  when 
the  two  materials  are  placed  in  juxtaposition,  or  when  they  are 
contrasted  under  the  same  circumstances  as  to  the  trials  and 
tests  to  which  they  are  respectively  subjected.  Now  in  this 
comparison  I  am  fortunate  in  having  before  me  the  able  experi- 
ments of  Musschenbrock,  Buffon,  and  those  of  a  more  recent 
date  on  direct  cohesion,  by  Professor  Barlow,  of  Woolwich.  I 
have  selected  from  the  experiments  of  the  latter  those  which 
appear  to  approach  most  nearly  to  the  present  inquiry  ;  and 
impressed  with  the  conviction  of  their  having  been  carefully 
conducted  and  being  from  English  timber,  I  attach  the  greatest 
value  to  them. 

According  to  Musschenbrock's,  the  strengths  of  direct  cohe- 
sion per  square  inch  of  the  following  kinds  of  timber  are  as 
follows : — 
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Locust-tree 

Locust-tree 

Beech  and  oak  - 

Orange      -         - 

Alder 

El  in  -        + 

Mulberry 

Willow      - 

Ash 

Plum      .'  *        * 

Elder     fe*. '     - 


Ibs. 

20,100 
18,500 
17,300 
15,500 
13,900 
13,200 
12,500 
12,500 
12,500 
11,800 
10,000 


Pomegranate 
Lemon 
Tamarind     - 
Fir      - 
Walnut     •   - 
Pitch  pine   - 
Quince 
Cypress        * 
Poplar          • 
Cedar 


From  Barlow  the  strengths  are, — 

Ibs. 

Box  -  20,000     Beech 

Ash  -         -         -  17,000     Oak 


Teak 
Fir 


20,000 
17,000 
15,000 
12,000 


Pear 
Mahogany 


Ibs. 

-  9750 

-  9250 

-  8750 

-  8330 

-  8130 

-  7630 

-  6750 

-  6000 

-  5500 

-  4880 


Ibs. 

11,500 

10,000 

9800 

8000 


Mr.  Barlow,  in  adverting  to  the  experiments  of  Musschenbrock, 
observes,  that  some  of  them  differ  considerably  from  his  own, 
a  circumstance  probably  not  difficult  to  account  for,  as  the  dif- 
ferent degrees  of  dryness  have  a  great  effect  upon  the  strength 
of  timber.* 

Dr.  Robinson,  in  speaking  of  the  experiments  of  Musschen- 
brock, states,  that  we  may  presume  they  were  carefully  made 
and  faithfully  narrated ;  but  they  were  made  on  such  small 
specimens,  that  the  unavoidable  natural  inequalities  of  growth 
or  texture  produced  irregularities  in  the  results  which  have 
too  great  a  proportion  to  the  whole  quantities  observed.  It  is 
for  the  same  reason  that  I  give  preference  to  Mr.  Barlow's 
results,  as  he  observes,  "that  the  experiments  from  which 
they  are  drawn  were  made  with  every  possible  care  which 
the  delicacy  of  the  operation  would  admit."  Assuming,  there- 

*  It  has  been  shown  by  Mr.  Hodgkinson  that  timber,  when  wet,  will  be 
crashed  by  a  force  less  than  one-half  of  what  would  take  to  crush  it  when 
dry.  It  therefore  follows  that  much  depends  upon  the  samples  selected, 
and  the  way  in  which  the  timber  has  been  seasoned. 
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fore,  that  Barlow  is  correct,  and  taking  the  mean  strength  of 
iron  plates,  as  given  in  the  preceding  Tables,  at  49,6561bs. 
to  the  square  inch,  or  calling  it  50,000  Ibs.,  and  the  resistance 
of  the  direct  cohesion  of  different  kinds  of  timber  as  given 
by  Mr.  Barlow,  the  following  ratio  of  strengths  will  be  ob- 
tained : — 

Timber  :        Iron,  Ratio,  taking 

Ibs.  Ibs.  timber  as  unity. 

Ash  -  -     17,000  :  50,000,  or  as  1  :  2-94 

Teak  -     15,000  :  50,000,  or  as  1  :  3-33 

Fir  -     12,000  :  50,000,  or  as  1  :  4-16 

Beech       -  -     11,500  :  50,000,  or  as  1  :  4-34 

Oak  -     10,000  :  50,000,  or  as  1   :  5-00 

Hence  it  appears  that  the  direct  cohesion  of  iron  plates  is 
five  times  greater  than  oak ;  or,  in  other  words,  their  powers 
of  resistance  to  a  force  applied  to  tear  them  asunder  are  as  5  to 
1,  making  an  iron  plate  ^  inch  thick  equal  to  an  oak  plank  of 
2^  inches  thick.  In  the  teak  wood  and  fir  specimens,  which 
exhibit  greater  resisting  powers,  nearly  the  same  rule  will  apply, 
and  thinner  planks,  as  regards  the  tensile  strength,  would 
answer  the  purpose.  This  is  a  circumstance  which  may  be 
applicable  to  teak  wood,  but  unfavourable  to  fir,  when  viewed 
as  a  building  material  exposed  to  a  great  variety  of  strains,  or 
when  used  for  sheathing,  and  similar  purposes  in  the  art  of 
ship-building.  The  teak  wood  being  timber  of  greater  density 
and  of  higher  specific  gravity,  is  better  calculated  to  resist 
shocks  than  a  tough  fibrous  substance  of  a  soft  and  spongy 
nature,  such  as  fir. 

On  this  subject  it  should,  however,  be  noticed,  that'whatever 
material  is  used  for  covering  the  ribs  of  vessels,  it  should  be 
strong  and  elastic,  in  order  to  resist  not  only  the  force  of  direct 
tension,  but  that  of  lateral  arid  compressed  action.  In  a  ship  at 
sea  these  forces  are  strikingly  exemplified,  and  that  under  cir- 
cumstances embarrassing  as  well  to  the  practical  builder  as  the 
man  of  science. 

Remarks  on  the  foregoing  Experiments, 
Having  determined  the  strength  of  iron  plates  when  drawn 
in  the  direction  of  the  fibre  as  well  as  across  it,  and  having 

s  4 
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compared  the  results  with  experiments  of  a  similar  character  on 
timber,  it  may  be  useful  to  offer  a  few  general  observations  on 
the  question  now  under  consideration. 

Dr.  Robinson,  in  his  article  on  the  strength  of  materials*, 
when  discussing  the  nature  of  a  stretching  force  applied  to 
materials,  observes,  "  that  in  pulling  a  body  asunder  the  force 
of  cohesion  is  directly  opposed  with  very  little  modification  of 
its  action ;  that  all  parts  are  equally  stretched,  and  the  strain 
in  every  transverse  section  is  the  same  in  every  part  of  that 
section."  From  this  it  would  appear,  that  a  body  of  a  homo- 
geneous texture  will  have  the  cohesion  of  its  parts  equal ;  and 
since  every  part  is  equally  stretched,  it  follows  that  the  particles 
will  be  drawn  to  equal  distances,  and  the  forces  thus  exerted 
must  be  equal.  Now  if  this  were  true,  the  application  of  an 
external  force  to  a  body  might  be  increased  to  such  an  extent 
as  not  only  to  separate  the  parts  furthest  asunder,  but  ultimately 
to  destroy  a  cohesion  of  all  the  particles  at  once,  a  circumstance 
under  which  instantaneous  rupture  would  follow  as  a  result. 
These  views  are,  however,  not  borne  out  by  facts,  as  the 
experiments  of  Mr.  Hodgkinson  on  iron  wire  show  that  the 
same  iron  may  be  torn  asunder  many  times  in  succession 
without  impairing  its  strength  f ;  and  some  recent  experiments 
at  the  Royal  Dockyard,  Woolwich,  clearly  show,  that  an  iron 
bar  may  be  stretched  until  its  transverse  section  is  considerably 
reduced  and  ultimately  broken,  without  injury  to  its  tensile 
strength.  Nay,  more,  the  same  iron  (so  elongated),  when  again 
submitted  to  experiment,  exhibited  increased  strength,  and 
continued  to  increase,  under  certain  limitations,  beyond  the 
bearing  powers  of  the  same  bar  in  its  original  form.J  That 
all  the  parts  of  a  body  "  subjected  to  a  tensile  strain  are  equally 
stretched  '*  is  therefore  questionable.  Bodies  vary  considerably 
in  their  powers  of  resistance,  and  exhibit  peculiar  properties 
of  cohesion  under  the  influence  of  forces  calculated  to  i 
them  asunder.  Fibrous  substances,  for  instance,  .such  as 

*  Encyclopaedia  Britannic*. 
f  Manchester  Memoirs,  vol.  r. 

J  I  am  indebted  to  Mr.  Thomas  Loyd  of  the  Admiralty  for  a  scries  of 
interesting  results  on  this  subject. 
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ropes  and  some  kinds  of  timber,  having  their  fibres  twisted, 
are  enabled  to  resist  tension  under  the  influence  of  consider- 
able elongation  without  impairing  their  ultimate  strength. 
Many  of  the  fibres  are  stretched,  but  only  to  the  extent  of  bring- 
ing the  others  to  bear  upon  the  load,  which  done,  their  united 
force  constitutes  the  maximum  of  resistance  to  a  tensile  strain. 

Other  bodies  of  less  ductility  and  more  of  a  crystalline  struc- 
ture, such  as  cast-iron,  stone,  glass,  &c.,  seem  to  be  subject  to 
the  same  law.  In  these  cases  it  seldom  happens  that  the  whole 
of  the  particles  are  brought  into  action  at  once,  as  much  de- 
pends upon  the  conditions  of  the  body,  the  unequal  state  of 
tension  of  its  parts,  and  the  strain  which  some  of  the  particles 
must  sustain  before  the  others  receive  their  due  portion  of  the 
load.  Should  the  non-resisting  particles  be  within  the  limits 
of  elongation  of  the  other  particles,  the  body  will  then  have 
attained  its  maximum  power  of  resistance ;  but  in  the  event  of 
rupture  to  any  of  the  resisting  particles,  the  cohesive  force  of 
the  body  is  thereby  reduced,  and  that  to  the  extent  of  the  injury 
sustained  by  the  fractured  parts. 

"  There  are,  however,"  as  Dr.  Robinson  truly  observes,  "  im- 
mense varieties  in  the  structure  and  composition  of  bodies,  whicli 
lead  to  important  facts,  and  prove  th<it  the  absolute  cohesion  of 
all  bodies,  whatever  be  their  texture,  is  proportional  to  the  areas 
of  their  sections."  Undoubtedly  this  is  the  case  in  bodies  having 
an  uniform  texture  with  straight  fibres,  and  hence  it  follows 
that  the  absolute  strength  of  a  body,  resisting  a  tensile  strain, 
will  be  as  the  area  of  its  section. 

The  peculiar  nature  of  the  material  combining  a  crystalline 
as  well  as  a  fibrous  structure  has  led  to  these  observations.  In 
some  instances  the  specimens  experimented  upon  exhibited  an 
almost  distinct  fibrous  texture,  and  in  others  a  clearly -$ 
developed  crystal  structure.*  At  other  times  some  of  the  speci- 
mens were  of  a  mixed  kind,  with  the  crystalline  and  fibrous 
forms  united  ;  the  fracture  having  a  laminated  appearance,  with 
the  crystalline  parts  closely  bound  on  each  side  by  layers  of  the 
fibrous  structure.  These  varieties  are  probably  produced  in  the 
manufacture,  and  may  be  easily  affected  either  by  the  mode  of 

*  See  the  fractured  parts  of  the  different  specimens,  Plate  H 
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"piling"  the  layers  of  bars  which  form  the  plate,  or  from  the 
unequal  temperature  of  the  parts  as  they  pass  through  the  rolls. 
But  whichever  way  they  are  produced,  it  is  evident,  from  the 
experiments,  that  the  fractures  gave,  in  most  cases,  indications 
of  an  unequal  and  varied  texture. 

In  the  foregoing  experiments,  and  also  in  those  which  follow, 
great  attention  was  paid  to  the  appearance  of  the  fracture,  in 
order  to  ascertain  the  structure  of  the  plate,  and  to  determine  how 
far  it  could  be  depended  upon  in  its  application  to  the  varied 
purposes  for  which  it  was  intended. 

These  appearances  are  all  shown  in  the  drawings  appended 
to  the  experiments,  and  to  which  I  beg  to  refer. 

PART  II. 

On  the  Strength  of  Iron  Plates  united  by  Rivets,  and  the  best 
Mode  of  Riveting. 

The  extensive  and  almost  innumerable  uses  to  which  iron  is 
applied,  constitute  one  of  the  most  important  features  in  the 
improvements  of  civilised  life.  It  contributes  to  the  domestic 
comforts  and  commercial  greatness  of  the  country,  and  from  its 
cheapness,  strength,  and  power  of  being  moulded,  rolled,  and 
forged  into  almost  every  shape,  it  is  not  only  the  strongest,  but 
in  many  respects  the  most  eligible  material  for  the  construction 
of  vessels  exposed  to  severe  strain.  Large  vessels  composed 
of  iron  plates,  such  as  steam-boilers,  cisterns,  ships,  &c., cannot 
however  be  formed  upon  the  anvil  or  the  rolling-mill.  They 
are  constructed  of  many  pieces,  and  these  pieces  have  to  be 
joined  together  in  such  a  manner  as  to  ensure  the  requisite 
strength  and  effect  all  the  requirements  of  sound  construction. 
This  operation  is  called  riveting,  and  although  practically 
understood,  it  has  not,  to  my  knowledge,  on  any  previous  occa- 
sion, received  that  attention  which  the  importance  of  the  subject 
demands. 

Up  to  the  present  time*  nothing  of  consequence  has  been  done 
to  improve  or  enhance  the  value  of  this  process.  We  possess 
no  facts  or  experiments  calculated  to  establish  principles  sufficient 
to  guide  our  operations  in  effecting  constructions  of  this  kind, 

*  1838,  when  these  observations  were  written. 
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on  which  the  lives  of  the  public  as  well  as  the  property  of 
individuals  depend.  In  fact,  such  has  been  our  ignorance  of 
t  IK-  relative  strength  of  plates  and  their  riveted  joints,  that  until 
the  commencement  of  the  present  inquiry  the  subject  was  con- 
sidered of  scarcely  sufficient  importance  to  merit  attention. 
Even  now,  it  is  by  many  assumed  that  a  well  riveted  joint  is 
stronger  than  the  plate  itself,  and  a  number  of  persons,  judging 
from  appearances  alone,  concur  in  that  opinion.  Now  this  is  a 
great  mistake  ;  and  although  the  double  thickness  of  the  joint 
indicates  increased  strength,  it  is  nevertheless  much  weaker  than 
the  solid  plate,  a  circumstance  of  some  importance,  as  we  hope 
to  show  in  the  following  experiments. 

It  would  probably  be  superfluous  to  offer  any  lengthened 
description  of  the  principle  upon  which  wrought  iron  plates  are 
united  together ;  riveting  is  so  familiar  to  every  person  in  this 
country,  that  it  might  appear  a  work  of  supererogation  to 
attempt  it ;  and  assuming  the  usual  method  of  riveting  by 
hammers  to  be  generally  known,  we  shall  proceed  to  describe 
another  method  by  machinery  which  effects  the  same  object  in 
considerablyless  time  and  at  less  cost,  and  completes  the  union  of 
the  plates  with  much  greater  perfection  than  could  possibly  be 
done  by  the  hand.  In  hand-riveting  it  will  be  observed,  that 
the  tightness  of  the  joint  and  the  soundness  of  the  work  depend 
upon  the  skill  and  also  upon  the  will  of  the  workman,  or  those 
who  undertake  to  form  the  joint  and  close  the  rivets.  In  the 
machine-riveting  neither  the  will  nor  the  hand  of  man  has  any- 
thing to  do  with  it ;  the  machine  closes  the  joint  and  forms  the 
rivet  with  an  unerring  precision,  and  in  no  instance  can  imper- 
fect work  be  accomplished  so  long  as  the  rivets  are  heated  to 
the  extent  compressible  by  the  machine.  This  property  of  unva- 
rying soundness  in  the  work  constitutes  the  superiority  of  the 
machine  over  the  hand-riveting.  The  machine  produces  much 
sounder  work,  as  the  time  occupied  in  the  hand  process  allows 
the  rivet  to  cool ;  and  thus  by  destroying  its  ductility,  the  rivet 
is  imperfectly  closed,  and  hence  follow  the  defects  of  leaky  rivets 
and  imperfect  joints.  It  is  evident  that  an  instrument,  such  as 
the  riveting-machine,  having  sufficient  force  to  compress  the 
rivet  at  once,  or  within  an  almost  infinitely  short  period  of  time, 
must  obviate,  if  not  entirely  remedy,  these  evils,  as  the  force  of 
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compression  being  nearly  instantaneous,  the  heads  on  both  sides 
cannot  be  formed  until  the  body  of  the  rivet  is  squeezed  tight 
into  the  hole  ;  and  in  every  case  (even  where  the  holes  are  not 
exactly  straight)  the  compressed  rivets  are  never  loose,  but  fill 
the  holes  with  the  same  degree  of  tightness  as  if  placed  directly 
opposite  to  each  other.  If,  for  example,  we  take  a  circular  boiler, 
such  as  represented  at  A*,  Plate  II.,  and  having  all  the  per- 
forations made  and  the  plates  attached  to  each  other  by  tem- 
porary bolts  and  suspended  over  the  machine  in  the  position  as 
shown  at  A,  and  having  brought  the  holes  in  a  line  with  the 
dies  marked  i,  ky  the  machine  is  then  set  to  work,  and  by  means 
of  the  cam  or  eccentric  raising  the  pulley  of  the  elbow  joint  C, 
the  die  k  is  advanced  against  the  fixed  die  t  in  the  wrought-iron 
stem,  and  the  rivet  is  compressed  into  the  required  form  with 
an  increasing  force  as  the  die  advances  which  gives  the  "nip," 
or  greatest  pressure,  at  the  required  time,  namely,  at  the  closing 
of  the  rivet. 

From  this  description  it  will  appear  that  a  very  limited  por- 
tion of  time  is  occupied  in  the  process,  and  as  twelve  rivets  can 
be  inserted  and  finished  by  the  machine  in  a  minute,  it  follow.-, 
from  the  rapidity  of  the  operation  and  the  absence  of  hammer- 
ing, that  the  ductility  of  the  rivets  is  retained,  and  their  subse- 
quent contraction  upon  the  plate  renders  the  joint  perfectly  tight 
and  the  rivets  sound  in  every  respect.  Under  all  the  circum- 
stances the  machine-riveting  is  preferable  to  that  executed  by 
the  hammer ;  it  saves  much  time  and  labour,  and  that  in  pro- 
portion of  12  to  1,  when  compared  to  a  long  series  of  impacts 
applied  by  the  hammer. 

Having  described  the  process  of  uniting  wrought-iron  plates 
by  rivets,  it  may  be  of  some  importance  to  know  the  value  of 
joints  thus  formed  as  regards  their  strength  when  compared 
with  the  plates  themselves.  To  attain  this  object,  and  satis- 
factorily to  determine  their  powers  of  resistance  to  a  tensile 
strain,  a  great  variety  of  joints  were  made,  and  having  pre- 
pared the  different  specimens  with  the  utmost  care  and 
attention,  they  were  submitted  to  the  test  of  experiment,  as 
follows : — 

*  The  plan  represents  the  machine  in  the  act  of  riveting  the  corners  of 
a  square  cistern  or  a  locomotive  fire-box. 
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TABLE  VI.  Strength  of  Riveted  Plates.— Yorkshire  Iron.1 


No. 
of 
Exp. 

Description  of 
Plates  and  mode 
of  riveting. 

Weight 
laid  on 
in  Ibs. 

Changes 
produced 
by 
Weights. 

Breaking 
Weight 
in  Ibs. 

Form  of  Specimen  and 
mode  of  Fracture. 

21. 

Plates  -22  inches 

Fig.  4. 

thick,    overlap 

joints,  two  ri- 

O/^ 1 

. 

vet-,    half-inch 

1 

diameter,      lap 

ff7\ 

1|  inch,  AB=3 

\%f 

inches,  riveted 

&          r\ 

by  the    patent 

\J          \j 

22. 
23. 

machine  - 
Same    as     last, 

" 

" 

IWtlo' 
21,7033-°* 

"\          f 

i 

•       ' 

- 

AOO  B 

^/          V 

Remarkt.—  Exp.  21.    Torn  across  at  the  rivet-holes. 
i:\i>.  '22.     Rivet-holes  torn  out. 

0         0 

(  > 

Exp.  23.    Rivet-holes  torn  out. 

O         O 

(  > 

24. 

Plates     as     be- 

fore,      riveted 

by  the  hammer, 

the  rivets  hair- 

inch    diameter, 

being    of     the 
usual      length, 

but          rather 

shorter       than 

those  used   for 

the  machine    • 

14,839 

„              „ 

16  115")  ct? 

£  s~ 

Specimen    same  as 

before, 

25. 

;    '. 

15,343 

Plates 

16.0993S  2 

fig.  4. 

bent. 

Remarks.  —  Exp.  24.    Rivet-heads  broke  off,  and  the  plate  torn  across  them 

in  con- 

sequence. 

Exp.  25.    Rivet  -heads  cracked  across  and  rivet-holes  torn  out. 

26. 

Plates    same   as 

before,  and  ri- 

veted   by     the 

hammer,    with 

half-inch        ri- 

vets, the  rivets 

being    a    little 

longer,    and    2 

inches  lap 

14,839 

Platesbent 
nearlyinto 

17,833-1  g 

Specimen  same  as 
fig.  4. 

before, 

a  dirert 

-  ^ 
00 

line  with 

straining 

1 

force. 

27. 

- 

14,839 

20,131  j  S 

Remarks.  —  Here  the  rivets  were  the  same  length  as  the  machine  rivets,  experiments 
1,  2,  3.  and  were  worked  with  great  care  on  both  sides. 
Exp.  2<>.    Both  rivet-heads  broken,  and  the  plate  torn  across  them. 
Exp.  27.    Torn  across  at  rivet-holes,  and  one  rivet-head  split. 

*  The  nature  and  appearance  of  the  fractures  of  all  the  irons  and  their  riveted  joints  are 
shown  in  Plate  IV. 
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TABLE  VI.  (continued). 


No. 
of 
Exp. 

Description  of 
Plates  and  mode 
of  riveting. 

Weight 

I.U.I  Oh 

tn  Ibs. 

Changes 
produced  by 
Weights. 

Breaking 
Weight  in  Ibs. 

Form  of  Specimen 
and  mode  ol  Fracture. 

28. 

Plates    same    as 

before,    lap    2 
inches,  and  the 

rivets  the  same 

as   in  the  last 

experiment.but 

riveted  by  the 

machine  - 

14,839 

Plates     bent 

19,123-1 

Specimen    same    as 

into  a  direct 

a- 

before,  fig.  4. 

line  by  the 

l«- 

straining 
force. 

12 

29. 

'•              . 

18,667 

Joint     appa- 

19.17U 

rently  sound. 

Il'-marts.  —  Exp.  28.    Both  rivets  cracked  across,  metal  torn  across  the  rivet-holes. 
Exp.  29.    Torn  across  at  the  rivet-holes,  both  rivets  slightly  cracked  near  the  head. 

The  plates  used  in  the  foregoing  experiments  are  of  York- 
shire iron,  the  same  as  those  employed  in  Tables  I.  and  II. 
The  specimens  were  prepared  in  the  same  manner  and  of  the 
same  thickness,  but  1  inch  wider  at  the  joint.  This  was  done 
in  order  to  retain  sufficient  metal  round  the  rivet-holes,  making 
the  breadth  of  the  plate  the  same  after  the  rivet-holes  were 
punched  out  as  that  of  the  plates  torn  asunder  in  the  preceding 
experiments.  In  all  these  experiments,  only  two  half-inch 
rivets  were  used  in  the  breadth  of  the  plate.  The  lap  was 
however  increased,  after  the  three  first  experiments,  from  1|  to 
2  inches,  to  give  greater  strength  in  the  longitudinal  line  of  the 
plate,  and  to  prevent  the  metal  tearing  in  that  direction.  This 
precaution  was  found  necessary,  as  the  metal  gave  indications 
of  weakness,  in  consequence  of  the  lap  being  rather  narrow. 
Another  reason  for  enlarging  the  lap  was  a  desire  at  the 
commencement  to  begin  with  the  least  possible  quantity,  and 
by  direct  experiment  to  ascertain  the  maximum  distance  which 
the  plates  should  overlap  each  other  in  the  joints,  and  to 
determine  the  strongest  and  best  form  of  uniting  them.  To  these 
points  every  attention  was  given,  for  the  purpose  of  collecting 
the  facts  on  which  are  founded  the  tabulated  results  on  that 
part  of  the  subject  which  treats  of  the  comparative  dimensions 
of  rivets  and  extent  of  the  lap  in  reference  to  the  thickness  of 
the  plates.  In  this  department  of  the  inquiry  will  be  found  the 
depth  of  lap,  diameter  and  length  of  rivets,  and  the  distances 
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of  holes  for  nearly  every  description  of  joint ;  also  the  thickness 
of  the  plate,  with  a  column  of  strengths  as  deduced  from  the 
experiments. 

If  we  examine  the  nature  of  the  fracture  in  the  foregoing 
experiments,  it  will  be  found  that  the  machine-riveting  is 
superior  to  that  done  by  the  hammer  ;  the  mean  of  the  three 
first  experiments  being  to  the  mean  of  the  fourth  and  fifth  as 
5:4.  In  the  eighth  and  ninth  the  strengths  are  nearly  the 
same. 

On  comparing  the  strength  of  plates  with  their  riveted  joints, 
it  will  be  necessary  to  examine  the  sectional  areas  taken  in  a 
line  through  the  rivet-holes  with  the  section  of  the  plates  them- 
selves. It  is  perfectly  obvious  that,  in  perforating  a  line  of 
holes  along  the  edge  of  a  plate,  we  must  reduce  its  strength  ;  and 
it  is  also  clear,  that  the  plate  so  perforated,  will  be  to  the  plate 
itself  nearly,  as  the  areas  of  their  respective  sections,  with  a 
small  deduction  for  the  irregularities  of  the  pressure  of  the  rivets 
upon  the  plate  ;  or,  in  other  words,  the  joint  will  be  reduced  in 
strength  somewhat  more  than  the  ratio  of  its  section  through 
that  line,  to  the  solid  section  of  the  plate.  For  example,  suppose 
two  plates,  each  2  feet  wide  and  three-eighths  of  an  inch  thick, 
to  be  riveted  together  with  ten  J-inch  rivets.  It  is  evident  that 
out  of  2  feet,  the  length  of  the  joint,  the  strength  of  the  plates 
is  reduced  by  perforation  to  the  extent  of  7^  inches  ;  and  here 
the  strength  of  the  plates  will  be  to  that  of  the  joint  as  9 :  6*187*, 
which  is  nearly  the  same  as  the  respective  areas  of  the  solid 
plate,  and  that  through  the  rivet-holes,  namely,  as  24:16'5.f 
From  these  facts  it  is  evident  that  the  rivets  cannot  add  to  the 
strength  of  the  plates,  their  object  being  to  keep  the  two  surfaces 
of  the  lap  in  contact ;  and  being  headed  on  both  sides,  the 
plates  are  brought  into  very  close  union  by  the  contraction  or 
cooling  of  the  rivets  after  they  are  closed.  It  may  be  said  that 
the  pressure  or  adhesion  of  the  two  surfaces  of  the  plates  would 
add  to  the  strength  :  but  this  is  not  found  to  be  the  case,  to 
any  great  extent,  as  in  almost  every  instance  the  experiments 
indicate  the  resistance  to  be  in  the  ratio  of  their  sectional  area, 
or  nearly  so. 

If  we  take  the  ultimate  strength  of  the  Yorkshire  plates  in 

*  The  ratio  of  the  areas.  f  The  ratio  of  the  breadth  of  metal. 
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Tables  I.  and  IL,  it  will  be  found  that  the  mean  breaking  weight 
of  eight  specimens,  ea.ch  with  a  sectional  area  of  '46  inch,  is 
26,168,  and  the  strength  of  the  single  joint*,  of  the  same  de- 
scription of  plates  with  an  area  of -44  inch,  is  18,591 ;  this  reduced, 
gives  the  ratio  of  the  strength  as  25,030: 18,591,  or  as  1 :  *742,  the 
comparative  strength  of  a  single  riveted  plate  of  equal  area 
through  the  line  of  the  rivets.  It  will  be  observed  that  in  this 
comparison  the  areas  of  the  sections  are  nearly  equal,  and  con- 
sequently there  is  a  difference  in  strength  between  the  solid 
part  of  the  plate  and  that  part  where  the  perforations  have  been 
made  of  32  per  cent.  The  difference  is  considerable,  but  it 
probably  arises  from  the  narrowness  of  the  specimen,  and  the 
lateral  strain  induced  by  the  position  of  the  rivet,  and  the 
bending  upwards  of  the  end  of  the  plates.  From  these  facts  I 
would  infer  that  single  riveting  is  weaker,  and  probably  the  loss 
of  strength  in  this  description  of  joint,  including  loss  caused  by 
the  rivet-holes,  is  not  less,  under  ordinary  circumstances,  than  40 
per  cent. 

TABLE  VII.  Strength  of  Riveted  Plates. 


No.      Description  of 
of     Plates  and  mode 
Exp.        of  riveting. 

Weight 
laid  on 
in  Ibs. 

Changes 
produced  by 
Weight. 

Breaking 
Weight 
in  Ibs. 

Form  of  Specimen  and 
Mode  of  Fracture. 

30. 

• 
KM 

Plate*    -22    inch 
thick,   with    3 
rivets,    each   { 
inch   diameter, 
A  15    3   inches, 
lap      H     inch, 
area     through 
rivet    -    holes 
•4125 

mark*.  —  The  plate 
ets  too  weak. 

14,839 
•  were  son 

Bent    into     a 
straight  line. 

nd,  but  two  of  th 

16.G03 
B  rivets  we 

4 

M 

Fig. 

9       0 

0 
o     o 

5. 

f 

A 

fc  999 
J 

o      o 

0 
o     o 

cut  d'rectly  across. 

*  I  use  the  term  single  joint  to  distinguish  it  from  the  double  riveted 
joint,  which  will  be  treated  of  hereafter. 
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No. 
of 

i-:\i>. 

31. 

32. 

Ren 

di 
Exp 
\Vit 
qu 
Plat 
Rive 

Description  of 
Plate*  And  Mode 
of  riveting. 

Weight 
laid  on 
in  Ibs. 

Changes 
produced  by 
Weight. 

Breaking 
Weight 
in  Ibs. 

Form  of  Specimen  and 
Mode  of  Fracture. 

Plates  the  same 
as  before,  over- 
lap  joints  dif- 
fering froir.  the 
last    in   having 
three   rivets    \ 
inch   diameter, 
forming  an  is- 
osceles triangle, 
AB  3  inches. 

Same  as  before  - 

arks  —  Exp.  31. 
rect  line  with  the  s 
.  32.    Tore  across  1 
i  -'  .'  -J7  Ibs.  the  sin 
ite  close. 
B  tore  across  at  the 
ts  sound  in  this  am 

18,667 
20,683 
22,027 

18,667 

22,027 
23,035 

With  the  1 
raining  foi 
he  two  riv 
gle  rivet  c 

single  rive 
1  the  prece 

Joint  apparent- 
ly sound. 
Single  rivet 
slightly  opened. 
The  other  two 
rivets    quite 
tight. 
Separation    at 
end  of  plate, 
single    rivet 
slightly  opened. 

Slightly  drawn 
at  the  rivets. 

irst  weight  the 
•ce. 
•t  -holes,  in  the  d 
eemed  somewhat 

t  and  one  of  the  d 
ding  experiment. 

Fig.  6. 

22,609- 

23,371. 

plates 

rect  ion 
opene 

ouble  c 

2 

I 

.00. 

Al 

d,  I. 

llfS 

0          0 

o 

o      o 

(  jb 
<   b 

9P* 

A.  O  O 

B      |r 

J 

x 

0        0 

0 

0        O 

me  bent,  so  as  to  be  in  a 
ut  the  other  two  seemed 

In  the  first  experiment,  the  rivets  (two  in  number)  were  evi- 
dently too  weak,  which  caused  them  to  shear  directly  across  as 
if  cut  by  a  pair  of  scissors.  In  the  next  experiment  the  rivets 
were  increased  in  number  and  size,  which  gave  an  excess  of 
strength  to  the  retaining  power  of  the  rivets,  and  caused  the 
plate  to  tear.  If  we  take  the  mean  of  the  experiments  as  respects 
the  area  of  the  rivets  to  that  of  the  plates,  we  find  two  half-inch 
rivets  about  the  proportion,  or  the  area  of  the  rivets  in  the  last 
experiments  should  have  been  -4  inch,  which  is  nearly  equal  to 
the  area  of  the  plate  through  the  rivet-holes.* 

*  Subsequent  experiments  made  for  ascertaining  the  strength  of  rivets 
(vide  experiments  on  the  strength  of  rivets  for  the  Britannia  and  Conway 
Tubular  Bridges)  fully  corroborate  these  views,  namely,  that  riveted 
joints  exposed  to  a  tensile  strain  are  directly,  or  nearly  so,  as  their  respec- 
tive areas ;  or,  in  other  words,  the  collective  areas  of  the  rivets  arc  equal 
to  the  sectional  area  of  the  plate  taken  through  the  line  of  the  rivets. 


274  APPENDIX. 

TABLE  VIIL  Strength  of  Riveted  Plates. 


No. 
of 
Exp. 

Description  of 
Plates  and  Mode 
of  riveting. 

Weight 
laid  on 
in  Ibs. 

Changes 
produced  by 
Weight. 

Breaking 
Weight 
in  Ibs. 

Form  of  Specimen  and 
Mode  of  Fracture. 

33. 

Rem 

CO 

Plat 

Plates   same   as 
before,  -22  inch 
thick,  but  wider, 
AB    being     34 
inches,       with 
three    rivets    £ 
inch    diameter, 
all   in   a  line; 
lap  If  inch      - 

arks.  —  Though  th 
aid  not  be  seen  thr 
B  torn  across  at  the 

18,667 

e  ends  of  t 
nigh  the  li 
rivet-hole 

Ends  of  plate 
much  separa- 
ted by  bend- 
ing. 

he  plates  were  rr 
ae  of  the  rivets. 
s. 

19,675 
uch  separate 

Fig.  7. 

4 

0        0 

0 

0        0 

^ 

A.  000  B      % 

J  1  r 

0       0 

0 

0        0 

the  light  of  a  candle 

34. 

35. 

-   J 

1 

Thicker     plates 
•26  inch  thick, 
in     other     re- 
spects the  same 
as    in    experi- 
ments   31,    32, 
Table       VII.; 
lap    3   inches  ; 
rivets    4.     inch 
diameter  - 

Plates  the  same 
as  the  last 

''marks.  —  Exp.  34 
xp.  35.    Tore  aero 

18,667 

22,669 
21,019 

.    Tor*  ac 
ss  the  two 

Ends  of  plate 
separated, 
joints    appa- 
rently good. 

One        plate 
much    bent  ; 
joint      appa- 
rently good. 
One  end  sepa- 
rated  so  far 
as  to  exhibit 
the  single  ri- 
vet., 

ross  the  two  rivet 
rivet-holes,  whei 

23,707") 

II 
27.067J 

-holes, 
e  the  breadt 

Fig.  8., 

0           O 
0         0 

1 

l_f 

n 

0         0 

0 

0         O 

i  was  ^  inches 

Here  the  section  of  the  rivets  is  to  that  of  the  plates,  through 
the  line  of  the  rivets,  in  the  ratio  of  -58  to  -44  ;  had  they  been 
equal,  it  is  probable  that  fracture  would  have  taken  place  as  soon 
by  the  rivets  shearing  as  through  the  plates. 
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During  the  whole  of  the  experiments  on  single  riveted  joints, 
it  was  observed  that  the  ends  of  the  plates  under  strain  curled 
upwards  on  each  side,  and  produced  a  diagonal  strain  upon  the 
plates,  which  materially  reduced  the  strength  of  the  joint,  as 
shown  at  a,  fig.  7. 

This  position  gave  an  oblique  direction  to  the  forces,  and 
caused  the  plate  to  break  in  some  degree  transversely  through 
the  rivet-holes.  In  order  to  obviate  this  defect,  and  prevent 
as  much  as  possible  a  transverse  strain  upon  the  plates  through 
the  points  in  contact,  the  lap  was  increased,  and  a  third  rivet 
introduced  to  keep  down  the  ends  of  the  plates. 

The  sketches  in  the  31st  experiment,  Table  VIL,  and  those  in 
the  34th  and  35th  experiment,  Table  VHL,  represent  the  form 
of  joint,  and  the  methods  adopted  for  securing  the  plates  in  the 
direct  line  of  the  strain. 

On  comparing  the  breaking  weights,  it  will  be  seen  that  the 
increased  lap,  with  a  rivet  to  keep  down  and  retain  the  ends  of 
the  plates,  gives  a  considerable  accession  of  strength,  and 
exhibits  several  important  facts  in  connection  with  the  con- 
struction of  vessels  exposed  to  severe  pressure.  But  this  becomes 
more  apparent  in  the  forthcoming  experiments  on  the  double- 
riveted  joints. 

TABLE  IX.  Strength  of  Riveted  Plates. 


No. 
of 
Exp 

Description  of 
Plates  and  Mode 
of  riveting. 

Weight 
laid  on 
in  Ibs. 

Changes 
produced  by 
Weight. 

Breaking 
Weight 
in  Ibs. 

Form  of  Specimen  and 
Mode  of  Fracture. 

36. 

37. 

Rn, 
h 
Exf 

Double  .  riveted 
plates  -22  inch 
thick  ;    overlap 
joints     riveted 
with    five     ri- 
vets of  |  inch 
diameter  each  ; 
lap    2   inches  ; 
AB  =  3  inches 
in  breadth. 

Plates  the  same 
as   before,   ex- 
cept that  A  15  = 
2|     inches     in 
breadth. 

Mrkt.  —  Exp.  36. 
>!.->,  all  the  rivets  t 
.  37.    Broke  as  be 

16,115 

21,715 

18,667 

Torn  righ 
teing  sount 
'ore  ;  rivet 

Plates  bent  in 
a  right    line 
between    the 
points  of  ten- 
sion. 

Little  or  no  al- 
teration. 

Plates  bent  In- 
to right    line 
as  before. 

t  across  at  the  th 
after  fracture, 
t  all  sound. 

24,0431 

i 

i 

21,019. 
ree  rivet- 

Fig.  9. 

0       0 

0 

0        0 

( 

0 

A  ol 

&  B 

0        0 

0 

O        Q 

< 

T  2 
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In  these  experiments,  as  in  those  in  the  preceding  Table,  the 
area  of  the  rivets  is  in  excess,  and  hence  follows  rupture 
through  the  plates. 

TABLE  X.  Strength  of  the  Riveted  Plates,  &c. 


No. 
of 
Exp 

Description  of 
Plates  and  Mode 
of  riveting. 

Weight 
laid  on 
in  Ibs. 

Changei 
produced  bf 
Weight. 

Breaking 
Weight 
in  Ibs. 

Form  of  Specimen  and 
Mode  of  Fracture. 

38. 

39. 

Rev 

Exp 

"  Jump  Joints." 
Plates  the  same 
as  before,  both 
riveted    to    an 
extra   plate   of 
the  same  thick- 
ness    laid      on 
one      side      of 
them  ;    lap    of 
extra          plate 
over   each   end 
2  inches  ;  each 
plate       riveted 
by    five    rivets 
f    inch     diam- 
eter ;      AB=3| 
inches. 

Same  as  above  - 

tarkl.—  Exp.  38.    ' 
.  39.    Tore  across 

14,839 
19,627 
21,691 

18,667 
22,699 

Tore  acrosi 
as  before  ; 

Bent   into 
straight  line. 

All  sound. 

Rivets  sound  ; 
plates    much 
bent      - 

'Bent  nearly  into 
a  straight  line. 

Rivets  sound; 
joint      appa- 
rently good  - 

the  rivet-holes  ; 
one  rivet-head  c 

Fig.  10. 

23,371- 

24,043. 

rivetsi 
rooked. 

| 

,sl 
^ 

OH 

0       0 
0       O 

< 

. 
A. 
J 

S^ 

B 

V 

O  O 

ttS 

0  0 

0       0 

0       0 

d  after  fracture. 

The  same  observations  will  apply  to  these  experiments  aa 
to  the  last ;  the  area  of  the  rivets  is  in  excess  of  that  of  the 
plates. 

The  system  of  double-riveting  exhibits  several  remarkable 
properties  as  regards  strength,  and  the  plates  appear  to  retain 
their  position  under  strain  much  better  than  single-riveted 
joints.  These  circumstances  have  induced  a  comparison  of  the 
results  of  the  preceding  experiments  with  those  contained  in 
Tables  VII.,  VIII.,  IX.,  and  X.  The  experiments  in  Tables 
VII.  and  VIIL  give  indications  of  increased  strength  by  a 
slight  enlargement  of  tho  lap  and  the  introduction  of  a  single 
rivet  to  keep  down  the  end  of  the  plate.  In  those  experiments 
it  was  found  that  the  additional  rivet  gave  an  increase  of  26 
per  cent,  over  those  obtained  from  the  single  rivets ;  a  circum- 
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stance  which  suggested  a  further  extension  of  the  experiments, 
accompanied  with  a  minute  investigation  of  the  parts,  in  order 
to  ascertain  their  relative  strengths,  and  the  strongest  form  of 
joint. 

The  mean  breaking  weights  of  equal  sections  of  single-riveted 
joints,  as  given  in  Table  VI.,  and  taken  from  nine  experiments, 
are  respectively  as  follows  : — 

Ibs. 
20,1271 

iwSr1*1  •     18'590 

19,147  J 

giving  a  mean  of  18,590  Ibs.  for  the  strength  of  single-riveted 
joints.  Now,  in  the  second  and  third  experiments,  Table  VII., 
with  the  rivets  inserted  in  the  shape  of  an  isosceles  triangle 
(which  in  fact  is  double  riveting),  and  of  equal  sections  to  the 
specimens  in  Table  VI.,  the  mean  breaking  weight  is  23,035, 
which  gives  an  excess  of  4445,  or  a  ratio  of  10^:8  in  favour  of 
the  experiments  recorded  in  Table  VII. 

In  the  experiments  (Table  X.),  the  area  of  the  section,  taken 
through  the  line  of  the  rivet-holes,  is  *44  inch,  or  precisely  equal 
to  the  section  of  the  specimens  experimented  upon  in  Table  VI., 
in  which  the  mean  breaking  weight  is  18,590  Ibs.  In  these  ex- 
periments the  breaking  weight  is  23,707  Ibs.,  which  is  rather 
more  than  that  in  Table  IX.,  where  the  material  had  a  smaller 
section,  but  having  its  dimensions  exactly  corresponding  with 
the  proportions  given  above.  It  therefore  follows  that,  in  plates 
jointed  with  single  rivets,  the  ratio  of  the  strength  of  the  single 
rivets  is  to  that  of  the  double-riveted  joints  as  8  to  10,  the  latter 
being  one-fourth  stronger. 

It  has  been  ascertained  that  it  required  a  weight  of  23,707  Ibs. 
to  tear  asunder  double-riveted  plates,  3£  inches  wide  and  *22  inch 
thick,  with  a  flush  joint,  having  a  plate  on  the  back,  and  held 
together  by  five  $-inch  rivets  on  each  side ;  the  quantity  of  metal 
between  the  holes,  in  a  direct  line  across  the  plate,  being  '2  x  '22  x 
•44  inch,  which  is  the  same  transverse  section  as  those  operated 
upon  in  the  first  Table. 

Now,  if  we  take  the  mean  breaking  weights  of  the  riveted 
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joints  in  Tables  X.  and  VL  and  compare  them  with  the  section  of 
the  plate  itself,  as  given  in  Table  I.,  the  areas  being  the  same, 
we  have  for  the  tensile  strength  of  plates — 

Section  of  iron  torn  asunder.  Ibs. 

In  Table  L,  solid  plate     -                 -  *44  25,400 

In  Table  X.,  double-riveted  joints    -  '44  23,707 

In  Table  VL,  single-riveted  joints    -  *44  18,590 

Assuming,  therefore,  the  strength  of  the  plates  to  be  1000,  we 
have — 

For  the  strength  of  plates  of  equal  sections  -  1000 
For  the  double-riveted  joints  •  -  -  933 
For  the  single-riveted  joints  -  -  -  731 

We  may  safely  assume  these  ratios  as  the  comparative  values  of 
jointed  plates  of  equal  sections  when  acted  upon  by  a  force  calcu- 
lated to  tear  them  asunder. 

The  correct  value  of  the  plates,  computed  from  a  sectional 
area  taken  through  the  rivet-holes,  will  therefore  be  to  their 
riveted  joints  as  100,  93y  and  73,  or  in  round  numbers  as  10,9, 
and  7. 

In  addition  to  a  loss  of  nearly  one-tenth  in  the  double-riveted 
joints,  and  three-tenths  in  the  single  ones,  it  will  be  observed  that 
the  strength  of  the  plates  is  still  further  reduced  by  the  quantity 
of  iron  punched  out  for  the  rivets. 

The  results  in  the  two  last  experiments  in  Table  XL  arc  iden- 
tical as  to  strength.  In  the  first,  with  the  countersunk  rivets, 
the  plates  were  torn  asunder  ;  and  in  the  latter,  the  rivets  appear 
the  weakest,  owing  to  the  increased  sectional  area  of  the  plates, 
which  in  the  preceding  experiment  was  reduced  by  countersink- 
ing the  rivets. 

In  both  experiments  it  will  be  observed  that  the  strengths  of 
the  rivets  are  proportional  to  the  strengths  of  the  plates,  their 
powers  of  resistance  being  equal,  or  nearly  so.  In  forty-one  ex- 
periments the  sectional  area  of  the  rivets  was  to  that  of  the  plates 
as  '340  to  *347,  that  is,  the  sections  were  nearly  equal ;  and  in 
forty-two  experiments  as '34 to '44,  which  accountsfor  the  nature 
of  the  fracture  in  both  cases. 
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No. 
of 
Exp. 

Description  of 
Plates  and  Mode 
of  riveting. 

Weight 
laid  on 
in  Ibs. 

Changes 
produced  by 
Weight 

Breaking 
Wdght 
in  Ibs. 

Form  of  Specimen  and 
Mode  of  Fracture. 

40. 

Plates    same    as 
before,  '22  inch 
thick.        with 
overlap     joint 
and  double  ri- 
vets ;       coun- 
tersunk on  one 
side  ;     AB=3ft 
inches;  five  ri- 
vets,   each     f 
diameter 

19,675 

Plates  bent  in 
a  right  line; 
doubtful  whe- 
ther the  joint 
would      hold 
water    - 

23,707 

Fig.  11. 

O        0         ( 

o      o       < 

> 

^ 

r 

B 

Ap§ 

41. 

42. 

Rft 

> 
b 
Ex 
s 

• 
Ex 

s 

Plates  the  same 
strength,     but 
different    from 
the  last  in  hav- 
ing only  f  -inch 
rivets  all  in  a 
line;     AB=3J 
inches     -        - 

14,839 

Plates  bent  into 
a    right    line 
with  the  fixing. 

16,351 

O       O          ( 
0 
O        Q          ( 

1 

Same     as     last, 
except   in  not 
having  the  ri- 
vet-holes coun- 
tersunk ;      lap 
U  inch;  AB= 
3{  inches 

narks.  -Ex.p.  40. 
de  of  the  plate  to  r 
eyond  the  surface  r 
3.  41.     In  an  unsuc 
ime,  and  riveted  i 
ttempting  to  lay  on 
p.  42.    All  the  rive 
MM, 

14,839 

By  the  woi 
eceive  the 
f  the  plate 
cessful  i  \i 
i  the  same 
18,667  Ibs. 
ts  on  one  s 

Joint  sound    - 

d  countersunk  is 
lead  of  the  rivet 
Tore  across  th 
teriment  made  b 
manner,  they  i 
Plates  tore  aero 
de  were  cut  in  tw 

16,351 

understock 
,  in  order 
f  three  riv 
efore  this  i 
vere  torn  z 
ss  the  rive 
o  in  the  n 

r 

V) 
1 

1 

1  a  conical  recess  on  one 
hat  it  might  not  project 
it-holes, 
ipon  plates  precisely  the 
icross  the  rivet-holes  in 
-holes, 
iddle,  and  the  plates  left 

When  the  comparative  merits  of  plates  and  their  riveted  joints 
were  under  consideration,  it  appeared  desirable  to  repeat  several 
of  the  experiments,  particularly  those  which  seemed  to  throw 
light  upon  their  relative  powers  of  resistance.  I  considered  these 
experiments  to  be  of  importance,  as  they  increased  our  know- 
ledge, as  respects  the  strength  of  the  material,  and  also  its  pro- 
perties in  combination. 
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TABLE  XII.  Strength  of  Riveted  Plates. 


No. 
of 
Exp. 

Description  of 
Plates  and  Mode 
of  riveting. 

Weight 

laiil  on 
in  Ibs. 

Changes 
produced  by 
Weight. 

Breaking 
Weight 
in  Ibs. 

Form  of  Specimen  and 
Mode  of  Fracture. 

43. 

44. 

Re 

' 

Ex 
r 

Plates   the  same 
as  before,  their 
edges     brought 
into       contact, 
and  each  plate 
riveted           by 
three    rivets   f 
of  an  inch  dia- 
meter,     to      a 
plate    on   each 
side      of      the 
joint,  each  ex- 
ternal         plate 
being   half  the 
thickness        of 
the       internal, 
or      a       little 
thicker  ;       AB 
=3$  inches       - 

Plate     same     as 
last  - 

marks.  —  Exp.  43. 
fhe  sum  of  the  thic 
22  inch  thick.    The 
p.  44.    Second  exp< 
est  sound. 

19,879 

24,715 

Both  side 
kness  of  t 
)  middle  pi 
•riincnt  br< 

Sound  ;  no 
alteration. 

>latcs  were  tor 
le  side  plates 
ates  were  left  s 
•ken  as  before, 

"""to 

41,355$^' 

n  across,  and  t\ 
was  -24  inch,  tl 
ound. 
the  two  outside 

Fig.  12. 

0          O 
0          0 

( 

| 

\             ^ 

„   OOO   - 

AoSo  B 

J        \^ 

0       0 

0 

0       0 

<ro  of  the  rivets  cut  off 
e  middle  plates  being 

plates  torn  off;  all  the 

45. 

Same  as  the  last 
experiment, 
having    thicker 
plates    outside, 
each   being   -15 
inch  thick 

23,371 

Joint  good 

24,715 

Fig.  12.  a.  , 

0       Q 

0 
0       C 

( 

< 

46. 

47. 

Kt 

EJ 

KJ 

Differing      from 
the    last     only 
in    having   five 
rivets   to   each 
plate  in  double 
rows,      instead 
of  three   rivets 
|       diameter  ; 
AB=3J  inches 

Same  as  the  last 

•marfe.-Exp.  45. 
ind  both  plktes  left 
ip.  46.     Both  outsit 
tp.  47.    Outer  plate 
plat*  only  torn. 

23,371 

25,387 

23.371 
24,715 

Middle  pla 
sound. 
|  j.  IftM  t 

sound  ;  t< 

Joint  sound 

Joint  sound 
Slightly     al- 
tered ;  joint 
good-       - 

to  torn  straight 

rn  across  at  th« 
>rn  across  the 

26,0591 

1  15 
|« 

27.403J 
across  the  rive 

three  rivets, 
two  rivet-holes 

A        / 

I 

AJ»I 

_9  0 

J       \ 

0      0 

0 
0       0 

| 

( 

t-holei.    All  the  rivets 
.    Rivets  sound;  inner 

In  ship-building  these  objects  are  of  some  value,  as  any  reduc- 
tion in  the  powers  or  parts  of  a  vessel  by  imperfect  construe- 
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tion,  or  misapplied  material,  might  lead  to  serious  error  and  even 
great  risk  to  the  safety  of  the  ship. 

Since  the  first  use  of  iron  for  these  objects,  it  has  been  the 
practice  to  countersink  the  heads  of  the  rivets  in  order  to  present 
a  smooth  surface  for  the  passage  of  the  vessel  through  the  water. 
This  practice  is  in  general  use  at  my  works  at  Millwall,  and  I 
believe  the  same  methods  are  pursued  at  the  establishment  of 
Messrs.  John  Laird  and  Co.  and  others  in  different  parts  of  the 
country.  The  introduction  of  this  system  of  riveting  caused  a 
further  extension  of  the  experiments,  in  order  to  elucidate  the 
various  forms  of  joints  given  in  the  preceding  Tables,  and  further 
to  investigate  the  strength  of  the  joint  with  a  plate  riveted  on 
each  side,  which  appears  to  be  the  strongest  and  best  calculated 
to  resist  a  tensile  strain.  This  description  of  joint  is  seldom 
used  in  ship-building,  but  in  order  to  render  the  experiments 
as  perfect  as  possible,  it  will  be  necessary  to  consider  it  in  this 
paper  with  others  of  equal  importance  and  probably  of  more 
general  use. 

The  system  of  countersinking  the  rivets  is  only  used  when 
smooth  surfaces  are  required  ;  under  other  circumstances  their 
introduction  would  not  be  desirable,  as  they  do  not  add  to  the 
strength  of  the  joint,  but  to  a  certain  extent  reduce  it.  This 
reduction  is  not  observable  in  the  experiments,  but  the  simple 
fact  of  sinking  the  head  of  the  rivet  into  the  plate  and  cutting 
out  a  greater  portion  of  metal,  must  of  necessity  lessen  its  strength, 
and  render  it  weaker  than  the  plain  joint  with  raised  heads. 
This  must  appear  evident  from  the  fact  of  the  sectional  area  of 
the  plate  being  diminished,  and  the  consequent  reduction  of  the 
heads  of  the  rivets,  which  in  this  state  are  less  able  to  sustain 
the  effects  of  an  oblique  or  transverse  strain. 

It  is,  however,  satisfactory  to  observe  that  countersinking  the 
heads  of  the  rivets  does  not  seriously  injure  the  joint  in  its 
powers  of  resistance  to  a  direct  tensile  force  ;  but  the  rivets  are 
liable  to  start  when  exposed  to  collisions  or  a  strong  imping- 
ing force,  such  as  the  sides  of  ships  are  frequently  doomed  to 
encounter. 

On  referring  to  experiments  (Table  XI.),  the  same  results  as  to 
strength  are  obtained  with  the  countersunk  rivets  as  those  with 
rounded  heads :  they  are  rather  under  the  mean  of  the  former 
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experiments,  but  not  more  than  is  easily  accounted  for  by  the 
reduced  section  of  the  countersunk  plates. 

The  joint  with  plates,  riveted  on  each  side,  is  seldom  used,  a 
circumstance  which  probably  arises  from  its  greater  complexity 
of  form  and  the  danger  which  a  treble  thickness  of  plate  would 
be  subject  to  if  used  in  boilers  or  vessels  exposed  to  the  action 
of  intense  heat.  It  is  also  inadmissible  in  ship-building,  as  the 
smooth  surface  requires  to  be  maintained,  and  the  greatest  care 
observed  in  the  formation  of  the  outer  sheathing,  to  lessen  the 
resistance  of  every  part  of  the  hull  immersed  in  the  water.  In 
other  respects  the  double-riveted  plate  is  a  strong  joint,  and  in 
every  case,  where  great  strength  is  required,  it  may  be  used 
with  perfect  safety. 

It  will  be  unnecessary  to  go  through  a  further  comparison 
of  the  experiments,  as  sufficient  data  have  already  been  furnished 
to  enable  us  to  calculate  the  force  per  square  inch,  and  to 
resolve  the  whole  into  a  general  summary  exhibiting  the  relative 
strengths — 1st,  of  the  plates;  2ndly,  of  the  single-  and  double- 
riveted  joints ;  and  lastly,  the  ratio  of  the  strengths  as  deduced 
from  the  whole  series  of  experiments. 

General  Summary  of  Results  as  obtained  from  the  foregoing 
Experiments. 


Cohesive  Strength  of 
Plates.  Breaking  Weight 
in  Ibs.  per  Square  Inch. 

Strength  of  Single- 
riveted  Joints  of  equal 
Section  to  the  Plate*, 
taken  through  the  Line 
of  Rivets.    Breaking 
Weight  in  Ibs.  per 
Square  Inch. 

Strength  of  Double- 
riveted  Joints  of  equal 
Section  to  the  Plates, 
taken  through  thp  Line 
ofliivets.    Breaking 
Weight  in  Ibs.  per 
Square  Inch. 

57,724 

45,743 

52,352 

61,579 

36,606 

48,821 

58,322 

43,141 

58,286 

50,983 

43,515 

54,594 

51,130 

40,249 

53,879 

49,281 

44,715 

53,879 

43,805 

37,161 

47,062 

Mean- 

52,486 

41,590 

53,635 
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The  relative  strengths  will  therefore  be, — 

For  the  plate  .  .  .  1000 
Double-riveted  joint  .  .  1021 
Single-riveted  joint  .  *  ,  791 

From  the  above,  it  will  be  seen  that  the  single-riveted  joints 
have  lost  one-fifth  of  the  actual  strength  of  the  plates,  whilst  the 
double-riveted  have  retained  their  resisting  powers  unimpaired. 
These  are  important  and  convincing  proofs  of  the  superior  value 
of  the  double  joint ;  and  in  all  cases  where  strength  is  required 
this  description  of  joint  should  never  be  omitted. 

On  referring  to  the  experiments  contained  in  the  separate 
tables,  there  will  be  found  a  striking  coincidence  in  the  facts 
tending  to  establish  the  principle  of  double  riveting  as  superior  in 
every  respect  to  the  general  practice  now  in  use  of  the  single 
rivets.  It  appears,  when  plates  are  riveted  in  this  manner,  that 
the  strength  of  the  joints  is  to  the  strength  of  the  plates  of  equal 
sections  of  metal  as  the  numbers, — 

1000  :  1021  and  791.* 

In  a  former  analysis  it  was  1000  :     933  and  731, 
which  gives  us  a  mean  of        1000  :     977  and  761, 

which  in  practice  we  may  safely  assume  as  the  correct  value  of 
each.  Exclusive  of  this  difference,  we  must  however  deduct  30 
per  cent,  for  the  loss  of  metal  actually  punched  out  for  the  recep- 
tion of  the  rivets  ;  and  the  absolute  strength  of  the  plates  will 
then  be,  to  that  of  the  riveted  joints,  as  the  numbers  100,  68,  and 
46.  In  some  cases,  where  the  rivets  are  wider  apart,  the  loss 
sustained  is  however  not  BO  great ;  but  in  boilers  and  similar 

*  The  cause  of  the  increase  of  strength  in  the  double-riveted  plates  may- 
be attributed  to  the  riveted  specimens  being  made  from  the  best  iron  ; 
whereas  the  mean  strength  of  the  plates  is  taken  from  all  the  irons  experi- 
mented upon,  some  of  inferior  quality,  which  will  account  for  the  high 
value  of  the  double-riveted  joint.  In  ordinary  cases,  and  in  practice,  it 
will  therefore  be  safer  to  take  the  mean  of  the  whole,  viz. : — 

Strength  of  plates  -  -  -  .  -  100 
Strength  of  double- riveting  -  «  -  97 
And  of  single-riveting  «...  75 
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vessels,  where  the  rivets  require  to  be  close  to  each  other,  the 
edges  of  the  plates  are  weakened  to  that  extent.  In  this  esti- 
mate we  must  however  take  into  consideration  the  circum- 
stances under  which  the  results  were  obtained,  as  only  two  or 
three  rivets  came  within  the  reach  of  experiment :  and  again, 
looking  at  the  increase  of  strength  which  might  be  gained  by 
having  a  greater  number  of  rivets  in  combination,  and  the  adhe- 
sion of  the  two  surfaces  of  the  plates  in  contact,  which  in  the  com- 
pressed rivets  by  machine  is  considerable,  we  may  fairly  assume 
the  following  relative  strengths  as  the  value  of  plates  with  their 
riveted  joints: — 

Taking  the  strength  of  the  plate  at     .         .         .         .100 
The  strength  of  the  double-riveted  joint  would  then  be       70 
And  the  strength  of  the  single-riveted  joint        .         .       56 
These  proportions  may  therefore  in  practice  be  safely  taken 
as  nearly  the  standard  value  of  joints,  such  as  used  in  vessels 
where  they  are  required  to  be  steam-  or  water-tight,  and  sub- 
jected to  pressure  varying  from  10  to  100  Ibs.  upon  the  square 
inch. 

Since  the  above  was  written,  I  have  ascertained,  on  a  recent 
visit  to  Bristol,  that  the  large  steam-ship  *  now  building  there  is 
double-riveted,  the  plates  being  three-fourths  of  an  inch  thick 
over  the  bottom  and  bilge,  and  five-eighths  thick  up  to  the  water- 
line.  These  plates  are  joined  together  with  double  rivets  of  1  inch 
diameter,  and  inserted  at  distances  of  3  inches  apart.  The  pro- 
portions appear  to  be  good ;  and  conceiving  the  workmanship 
to  be  equally  so,  I  should  infer  that  this  fine  vessel  would  fairly 
establish  the  principle,  that' iron,  in  all  the  ramifications  of  ship- 
building, is  an  article  of  paramount  importance  to  the  war  as 
well  as  to  the  mercantile  navy. 

In  the  pursuit  of  the  foregoing  inquiry,  I  was  naturally 
led  to  the  consideration  of  the  best  proportions  and  best 
forms  of  riveting  plates  together.  I  investigated  this  subject 
with  great  care :  and  from  my  own  personal  knowledge  and 
that  of  others,  I  have  collected  a  number  of  practical  facts,  such 
as  long  experience  alone  could  furnish.  From  these  data  I  have 
been  enabled  to  complete  the  following  Table,  which  for  prac- 

•  The  Great  Britain  steam-ship. 
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tical  use  I  have  found  highly  valuable  in  proportioning  the 
distances  and  strength  of  rivets  and  joints  requiring  to  be  steam 
or  water-tight. 


Table  exhibiting  the  strongest  forms  and  best  proportions  of 
riveted  joints  as  deduced  from  the  experiments  and  actual 
practice. 


Thirkness 
of  Plates  ' 
in  Inches. 

Diameter  of 
Rivets  in 
Inches. 

Length  of 
Rivets  from 
the  Head  in 
Inches. 

Distance  of 
Rivets  from 
Centre  to 
Centre  m 
Inches. 

Quantity  of 
Lap  in  single 
Joints  in 
Inches. 

Quantity  of  Lap  in 
Double-riveted 
Joints  in  Inches. 

•19=^ 

•38] 

•881 

1-251 

1-251 

•25=-  A 

•50 

1-13 

1-501 

1-50  U 

For  the  double- 

•31=  ^ 

•63 

2 

1-38 

1-63] 

1-88  J 

riveted     joint, 

•38-fl 

•75 

1-63 

U'5 

1-75 

2-00     5'5 

add  two-  thirds 

•50-fl 

•811 

2-25 

2-00" 

2-251 

of  the  depth  of 

•63  =  {g 

•94 

1-5 

2-75 

2-50 

u 

2-75  U'5 

the  single  lap. 

1-13J 

3-25J 

3-00  J 

3-2  5  J 

The  figures  2,  1-5,  4*5,  6,  5,  &c.  in  the  preceding  Table  are 
multipliers  for  the  diameter,  length,  and  distance  of  rivets,  also 
for  the  quantity  of  lap  allowed  for  the  single  and  double  joints. 
These  multipliers  may  be  considered  as  proportionals  of  the 
thickness  of  the  plates  to  the  diameter,  length,  distance  of  rivets, 
&c.  For  example,  suppose  we  take  three-eighth  plates  and  re- 
quired the  proportionate  parts  of  the  strongest  form  of  joint,  it 
will  be— 

•375  x  2  =  *750  diameter  of  rivet,  J  inch. 

•375  x  4^=1-688  length  of  rivet,  1|  inch. 

•375  x5  =1-875  distance  between  rivets,  1J  inch. 

•375  x  51=2-063  quantity  of  lap,  2  inches. 

•375x5|=3-438  quantity  of  lap  for  double  joints,  3£  in. 

•75,  1-68,  1-87,  2-06,  and  3-43  are  therefore  the  proportionate 
quantities  necessary  to  form  the  strongest  steam-  or  water-tight 
joints  on  plates  three-eighths  of  an  inch  thick. 

In  the  preceding  pages  I  have  endeavoured  to  investigate 


286  APPENDIX. 

almost  every  circumstance  having  a  practical  bearing  on  the 
question  of  the  strength  of  rolled  plates,  and  the  best  methods  of 
uniting  them  together.  In  conclusion,  I  would  venture  a  few 
remarks  on  the  value  and  judicious  use  of  this  material,  in  its 
adaptation  to  ship  building,  and  other  purposes  to  which  it  may 
be  successfully  applied.  It  is  not  my  intention  to  enter  into  the 
question  as  to  whether  wood  or  iron  be  the  preferable  material, 
as  a  number  of  circumstances,  such  as  cost,  durability,  &c.  must 
be  considered  in  order  to  form  a  correct  decision. 

I  would,  however,  observe,  that,  in  ship-building  alone,  it 
appears  from  the  facts  already  recorded,  that  iron  is  very 
superior  in  its  powers  of  resistance  to  strain  ;  it  is  highly  duc- 
tile in  its  character,  and  easily  moulded  into  any  required  form 
without  impairing  its  strength.  It  is  also  stronger  in  combi- 
nation than  timber,  arising  from  the  nature  of  the  construction  ; 
and  the  materials  composing  the  iron  ship  become  a  homoge- 
neous mass  when  united  together,  forming  as  it  were  a  solid, 
without  joints,  and  presenting  as  a  whole  the  most  formidable 
powers  of  resistance.*  These  are  some  of  the  properties 
which  appear  to  distinguish  iron  from  other  materials,  and 
which  give  it  an  ascendency  of  combined  action,  which  cannot 
be  obtained  in  the  union  of  timber,  however  ingeniously  con- 
trived. It  moreover  possesses  the  property  of  lightness  along 
with  strength ;  in  fact,  its  buoyancy,  strength,  and  durability 
constitute  the  elements  of  its  utility  in  the  innumerable  cases 
to  which  it  may  be  applied.  In  ship-building  it  possesses 
other  advantages  over  timber.  Its  hull  is  free  from  the  risk 
of  fire ;  and  in  case  of  shipwreck,  either  on  rocks  or  sand- 
banks, it  will  resist  the  heaviest  sea,  endure  the  severest  con- 
cussion, and  with  proper  attention  to  the  construction,  it  may 


•  Since  the  above  was  written  we  have  had  many  examples  of  the 
enormous  strength  of  iron  ships,  and  amongst  others  we  may  instance  an 
iron  vessel  which  took  the  ground  with  nearly  one-half  of  her  length  at 
the  stern  hanging  over  a  shelf  for  a  whole  tide ;  another,  the  Vanguard 
iron  steamer,  which  for  several  hours  (under  the  action  of  a  heavy  surf) 
was  beating  upon  sharp  shelving  rocks  without  going  to  pieces  ;  and  lastly, 
the  Great  Britain  steam-ship,  which  was  stranded  in  Dundrum  Bay,  and 
resisted  the  force  of  the  winter  storms  for  many  months. 
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be  the  means  of  saving  the  lives  of  all  on  board.  It  moreover 
has  the  advantage  of  bulkheads,  which,  made  perfectly  water- 
tight, not  only  strengthen  the  vessel,  but  give  greater  security 
to  it,  and  by  a  judicious  arrangement  in  the  divisions  will  float 
the  ship  under  the  adverse  circumstance  of  a  leak  occurring  in 
any  one  of  the  compartments.  These  are  the  qualities  and 
powers  of  the  iron  ship ;  and  I  trust  the  present  research  into 
the  strength  and  proportions  of  the  material  of  which  it  is 
composed,  will  not  only  give  increased  confidence  in  its  secu- 
rity, but  will  lead  to  an  extension  of  its  application  in  every 
branch  of  marine  and  mechanical  architecture. 


PART  IIL 

Resistance  of  drought-iron  Plates  to  Pressure  by  a  Blunt 
Instrument  at  Right  Angles  to  the  Surface  of  the  Plate. 

Irrespective  of  the  experiments  made  to  determine  the 
strength  of  wrought-iron  plates  and  the  relative  strength  of 
the  joints  by  which  they  are  united,  the  investigation  would  be 
incomplete  if  we  omitted  another  inquiry  of  equal  importance, 
namely,  the  resistance  offered  by  plates  to  a  crushing  force, 
such  as  exhibited  in  the  injuries  received  by  vessels  when 
stranded  on  rocks,  or  taking  the  ground  in  harbours  where  the 
surfaces  are  uneven. 

Almost  every  person  connected  with  nautical  affairs  is  ac- 
quainted with  the  nature  of  the  injuries  received  by  timber- 
built  vessels  when  placed  in  circumstances  affecting  their 
stability,  or  when  resting  on  hard  and  unequal  ground,  such 
as  frequently  occurs  in  tidal  harbours  at  low  water.  Such  a 
position  is  attended  with  danger  under  every  circumstance; 
and  in  order  to  determine  the  relative  values  of  the  two  mate-' 
rials,  wood  and  iron,  it  was  considered  desirable  to  institute  a 
similar  class  of  experiments  on  both,  and  thus  to  afford  the 
means  of  comparison  between  them.  English  oak,  as  the 
strongest  and  best  material  used  for  the  construction  of  first- 
class  vessels,  was  selected  for  this  purpose ;  and  the  results 
obtained  from  both  are  given,  under  circumstances  as  nearly 
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similar  as  the  nature  of  the  experiment  would  admit.   They 
are  as  follows. 

In  each  of  the  experiments  the  plate  was  fastened  upon  a 
frame  of  cast  iron,  1  foot  square  inside  and  1  foot  6  inches  out- 
side, its  breadth  being  3  inches  and  thickness  half  an  inch. 
The  sides  of  the  plates,  when  hot,  were  twisted  round  the 
frame,  to  which  they  were  firmly  bolted.  The  contraction,  by 
cooling,  caused  it  to  be  very  tight,  and  the  force  to  burst  it 
was  applied  in  the  centre.  This  was  done  in  order  that  the 
force  might  in  some  degree  resemble  that  from  a  stone  or  other 
body  with  a  blunt  end  pressing  against  the  side  or  bottom  of  a 
vessel :  a  bolt  of  iron,  terminating  in  a  hemisphere  3  inches  in 
diameter,  had  thus  its  rounded  end  pressed  perpendicularly  to 
the  plate  in  the  middle.  The  results  are  given  in  the  follow- 
ing Tables. 

TABLE  XIII.  Experiments  to  determine  the  Resistance  of  Plates 
of  Wrought  Iron  to  a  force  tending  to  burst  them. 


No. 
of 

Description  of 
Plates. 

Weight 
laid  on 

Perma- 
nent In- 
dentation 

Remarks.        * 

Exp. 

in  Ibs. 

of  Plate 

inch. 

1. 

Plate     of     the 

8,617 

•3 

Plate  not  cracked. 

best  Stafford- 

9,893 

•35 

Plate  not  cracked. 

shire    iron    ^ 

11,169 

•5 

Crack  on  convex  side  8  inches 

inch  thick. 

long. 

12,445 

•6 

Crack  on  convex  side  9  inches 

long  ;  not  opened  on  concave 

side. 

13,789 

•7 

Hole  through  the  plate  about 

1  ^  inch  long,  and  £  inch  wide. 

2. 

Plate     of     the 

9,893 

•25 

Double  crack  on  convex  side  1 

same  iron  and 

inch  long. 

the          same 

11,169 

•34 

Double  crack  increased. 

thickness. 

12,445 

•4 

13,789 

•47 

16,477 

•6 

Form  of  crack  on  convex  side 

(£  inch  wide). 

17,821 

•65 

Not  cracked  through. 

19,769 

*  •-* 

Cracked  through. 
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Table  XIII.  (continued.) 


No. 
of 

Description  of 
Plates. 

WHght 
laid  on 

Perma- 
nent In- 
dentation 

Reraarki. 

Exp. 

in  Ibs. 

of  Plate. 

inch. 

3. 

Plato     of     the 

18,523 

No  crack. 

same    iron    A 

21,075 

•33 

Incipient  crack  on  convex  side. 

inch  thick. 

22,787 

•45 

Crack      above-mentioned     4 

inches  long,  forming  a  cross. 

25,923 

•60 

Crack  above,  6  inches  long. 

29,059 

•75 

Crack  above,  £  inch  wide. 

32,195 

•80 

35,331 

•97 

36,899 

1-1 

No  crack  on  concave  side. 

37,519 

- 

Plate  cracked  through. 

4. 

Plate    same    as 

21,219 

m 

No  crack. 

the  last. 

21,985 

•35 

Slight  crack  on  convex  side. 

27,708 

•47 

Form  of  crack  on  convex  side. 

51,796 

•7 

Form  of  crack  increased. 

33,431 

•75 

35,066 

•83 

Form  of  crack  4  inches  deep. 

36,701 

•97 

Not  cracked  through. 

37,928 

* 

Cracked  through. 

,/oy-j 
,799  J 


Mean. 


16,779 


In  Plate  IX.  figs.  13  and  14  will  be  found  representations  of 
the  fractures  of  the  plates  experimented  upon  in  this  Table. 

From  the  above  we  obtain  the  strength  of  plates  to  resist 
rupture  from  pressure  from  a  blunt  body  or  a  ball  3  inches 
diameter. 

In  experiment  1,  a  plate  one-fourth  of  an       Ibs. 

inch  thick  was  burst  by      -  13,789 

In  experiment  2,  a  plate  one-fourth  of  an 

inch  thick  was  burst  by      - 
In    experiment  3,    a  plate  half   an  inch 

thick  was  burst  by     - 
In    experiment  4,  a  plate  half   an  inch 
thick  was  burst  by     - 

Here  the  strengths  are  as  the  depths,  a  half-inch  plate  re- 
quiring double  the  weight  to  produce  fracture  that  had  pre- 
viously burst  the  quarter  of  an  inch  plate.  In  the  succeeding 
experiments  on  oak  timber,  the  powers  of  resistance  follow  the 

U 


-    19,799 


37,519 
37,928 


i  37,723 
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ratio  of  the  squares  of  the  depth ;  so  that  a  wrought-iron  plate* 
of  only  one-quarter  of  an  inch  thick  is  able  to  resist  a  force 
equal  to  that  required  in  the  rupture  of  a  3-inch  plank. 

The  experiments  were  made  upon  good  English  oak,  of 
different  thicknesses,  and  of  the  same  width  as  the  iron  plates. 
The  specimens  were  laid  upon  solid  planks,  12  inches  asunder, 
and  by  the  same  apparatus  the  rounded  end  of  the  3-inch  pin 
was  forced  through  them  as  follows  : — 

Resistance  of  planks  of  timber  to  the  entrance  of  a  ball,  3 
inches  diameter,  the  planks  being  laid  upon  props  12  inches 
asunder ;  the  object  of  the  experiments  being  to  burst  them  by 
pressing  a  pin  terminated  by  a  hemispherical  end,  3  inches 
diameter,  through  the  centre  of  the  plank,  as  was  done  with 
the  plates  of  iron. 

TABLE  XIV. 


No. 
of 
Exp. 

Description  of  Plank. 

Weight 
laid  on. 

Remarks. 

1. 

English  oak,  very  dry 
and  good,  11|  in. 
broad,  and  2£  in. 
deep. 

HM. 
16,115 
17,235 

Indentation  from   hemisphere  \ 
inch  deep  ;  wood  otherwise  un- 
injured. 
Hole    through    the    middle,    3 
inches  diameter   nearly  broke 
out,    all    the    rest    remaining 
sound. 

2. 

English  oak,  rather 
green,  8  in.  broad, 
3  in.  deep. 

18,941 

It  bore  18,941  Ibs.  about  ten  mi- 
nutes, and  then  exploded  with 
violence,    dividing   into   tlmv 
parts,  the  middle  one  on  which 
the  pin  rested   being  about  an  : 
inch  thick  at  the  top.  and  £  an  ! 
inch  at  the  bottom.  With  a  ton  j 
less  weight  there  was  a  crack  ; 
under  the  plank  in  the  <v 
and  an  indentation  by  the  piu 
$  inch  deep  on  the  upper  side.  ' 
•Sap  was  driven  out  from  the 
ends  on  the  side  nearest  to  the 
In-art. 
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TABLE   XIV.  (continued.) 


No. 
of 
E*p. 

Description  of  Plank. 

Weight 
laid  on. 

Remarks. 

3. 

English  oak  plank, 
dimensions  same  as 
in  last  experiment. 

lot 
12,445 
16,925 

Sap  driven  out  as  in  last  experi- 
ment ;   plank  without  crack  ; 
indentation    by   the   pressure 
about  £  inch. 
The  plank  split  with  bearing  the 
pressure  about  ten  minutes. 

4. 

English  oak  from  same 
plank  as  in  expe- 
riments 2  and  3  ; 
breadth  8  inches, 
depth  1  £  inch. 

4,532 

The  plank  broke  by  splitting. 

5. 

English  oak  from  same 
plank  and  same  size 
as  in  the  last  expe- 
riment. 

4,280 

Broke  by  splitting  diagonally 

Taking  the  results  of  the  four  last  experiments,  which  were 
on  pieces  from  the  same  plank,  we  obtain  — 

Ibs.  Mean. 

Strength  from  planks  3  inches  thick  18,941  "I 
Strength  from  planks  3  inches  thick  16,925  J 
Strength  from  planks  1£  inch  thick     4,532  1 
Strength  from  planks  1£  inch  thick     4,280  J 
Here  the  strength  to  resist  crushing  follows  the  ratio  of  the 
square  of  the  depth,  as  is  found  to  be  the  case  in  the  transverse 
fracture  of  rectangular  bodies  of  constant  breadth  and  span. 

If  we  compare  the  foregoing  results  with  the  experiments 
performed  by  Mr.  Hodgkinson  on  timber,  it  will  be  found  that 
the  strength  of  dry  English  oak  to  resist  a  crushing  force  is 
4*24  tons  to  the  square  inch,  whereas  wrought  iron,  according 
to  Rondelet,  requires  a  pressure  of  about  31  tons  per  square 
inch,  and  with  this  weight  it  is  reduced  about  one-sixteenth 
of  its  length.  The  resistance  of  wrought  iron  to  a  crushing 
force  is  therefore  about  seven  and  a  quarter  times  greater  than 
that  of  oak  :  and  according  to  the  experiments  in  the  preceding 
Table,  it  appears  that  the  resistance  of  wrought-iron  plates  to 

u  2 
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a  force  calculated  to  burst  them,  follows  a  different  law  to  that 
of  oak,  the  resistance  of  the  former  being  directly  as  the  depth 
and  of  the  latter  as  the  square  of  the  depth.  Reasoning  from 
those  facts,  it  may  be  interesting  to  know  that  in  the  use  of 
timber,  such  as  the  oak  sheathing  of  ships,  the  strength  to 
external  pressure  increases  in  the  ratio  of  the  squares  of  its 
thickness ;  and,  where  great  strength  is  required,  it  will  be  ne- 
cessary, in  the  construction  of  vessels,  to  consider  the  nature  of 
the  service  and  the  required  thickness  of  the  planks. 

The  same  remarks  will  apply  to  vessels  constructed  of  iron, 
computed  from  the  formula  deduced  from  the  experiments.  In 
a  table  of  experimental  results  by  Mr.  Hodgkinson,  we  have 
the  mean  force  per  square  inch  required  for  crushing  timber  of 
different  kinds ;  and  assuming  Rondelet's  experiments,  which 
give  70,000  Ibs.  as  the  resistance  per  square  inch  of  wrought 
iron,  to  be  correct,  we  then  have  as  the  ratio  of  their  respective 
powers  of  resistance  as  follows  :  — 

TABLE    XV. 


Specific 
Gravities. 

Description  of  Timber 
used. 

Resistance 
per  square  Inch. 

Resistance  of 
"Wrought  Iron 
per  square  Inch. 

Ratio,  the  Wood 
representing 
unity. 

Ibs. 

UM. 

7-700 

Wrought  iron 

-       - 

70,000 

0-560 

Yellow  pine 

5375 

70,000 

1      13-02 

0-540 

Cedar 

5674 

70,000 

12-33 

0-580 

Red  deal   - 

5748 

70,000 

12-16 

0640 

Birch 

6402 

70.000 

1093 

0-660 

Sycamore  - 

7082 

70.000 

9-88 

0-753 

Spanish  mahogany 

8198 

70,000 

8-53 

0-780 

Ash  - 

8683 

70,000 

8-06 

0-700 

Dry  English  oak 

9509 

70,000 

7-36 

0980 

Box  - 

9771 

70,000 

7  16 

In  addition  to  the  relative  resisting  forces  of  the  different 
kinds  of  timber  above  enumerated,  will  be  found  the  specific 
gravities  of  each,  which  enables  the  reader  to  determine  the 
comparative  weights  as  well  as  strength  of  the  different  kinds 
of  wood. 

PART  IV. 

In  the  preceding  researches  I  have  endeavoured  to  determine 
the  value  of  iron  chiefly  in  reference  to  its  application  for  the 
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purposes  of  ship-building.  It  now  only  remains  to  determine 
the  best  form  and  condition  of  another  part  of  the  structure, 
namely,  the  frames  and  ribs  of  vessels,  also  composed  of  iron. 
Some  of  the  forms  experimented  upon  indicate  weakness,  but 
certain  modifications  which  have  since  been  introduced,  have 
given  increased  support  to  the  bilge  and  sides  of  the  ship,  and 
greater  powers  of  resistance  to  the  outer  sheathing.  The  beam 
shown  at  fig.  19,  Plate  V.,  is  probably  one  of  the  strongest  and 
most  suitable  for  the  support  of  the  decks,  but  it  is  inadmissible 
as  a  frame  for  receiving  the  exterior  sheathing  plates.  These 
frames  are  generally  formed  of  a  plate  with  angle-irons  along 
the  edges  on  both  sides,  of  which  the  annexed  sketch  is  a  sec- 
tion, a,  a,  &c.,  represents  a  portion  of  the  outside  plates  ;  b,  I, 


d    J A J    J     . 

0  a 

Fig.  15. 

the  angle-iron  frames  or  ribs,  which  vary  from  18  to  24  inches 
asunder,  according  to  the  position  in  the  direction  of  the  length 
of  the  ship;  c,  c,  angle-iron  of  the  same  strength,  is  riveted 
along  the  edge  of  each  rib  for  the  purpose  of  stiffening  the 
sides  of  the  ship  and  giving  increased  resistance  to  those  parts 
also  to  receive  interior  plates,  some  of  which,  in  large  vessels, 
are  riveted  diagonally  to  the  interior  angle-irons  c,  c,  &c.,  form- 
ing stringers  and  braces  from  the  kelsons  round  the  bilge  to  the 
upper  decks. 

Other  kinds  of  frames  might  be  used  with  double  angle-iron, 
as  shown  at  d,  d,  &c.,  in  the  annexed  sketch,  but  they  are  more 


-X.J  J.J 

Fig.  1G. 

expensive,  and  from  the  increased  complexity  of  construction, 
the  extra  strength  obtained  does  not  compensate  for  the  differ- 

u  3 
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ence  of  cost.  Altogether,  the  frames  recorded  in  fig.  15  have 
come  into  general  use  as  the  most  effective  and  easy  of  con- 
struction. Those  experimented  upon  were  of  different  kinds, 
as  shown  in  Plate  IX.  figs.  17,  18,  &c.,  and  in  sections  given 
in  the  Tables,  and  from  which  the  following  results  were  ob- 
tained :  — 

TABLE  XVI.  Experiments  to  ascertain  the  strengths  of  uniform 
wrought-iron  beams  of  different  forms  to  support  the  sides 
and  other  parts  of  vessels,  the  beams  having  their  ends  placed 
upon  props,  and  being  loaded  in  the  middle. 


Oak  Beams. 

| 

| 

11 

ti 

- 

i 

*S  'oJ    « 

o"«» 

3       * 

No. 
Of 

Exp. 

Description  and  Form  of  the 
Beam. 

Weights  laid  on 

Deflections  with 
Weights. 

Breaking-weight 
Beam  of  7  Feet  b 
the  Support 

Weight  of  the 
of7Feet6inche 

Side  of  Square  ol  < 
lliMins  of  equal 
Strength  with  tl 
Iron  one. 

Weight  of  Hiicri 
Beams  of  7  Feel 
Inches  IOHK  «ml  s 
clflc  Gravity  9m 

Ibs. 

Ibs. 

Ibs. 

•inches. 

libs. 

1. 

Beam  formed  from  two  2|  angle- 

irons,     riveted    together    with 

rivets  6  inches  asunder,  and  a 

plate  a  \  inch  thick  riveted  to 

the  back,  with   rivets  4  inchei 

asunder.   Distance  between  the 

supports    7    feet,    and    whole 

length    7    feet    6    inches,   its 

weight  being  109  Ibs. 

Thickness. 

*  ^           *Vi    NtAB  =  5  inches. 

:     ft  P:^/    '    CD=26   inches. 

.  £  '.  ^       -    mm**    •'>   JMk. 

3355 

109 

I  •    ..  : 

3865 

1  2        ^A    )•»  cc  ~    .jj4  inch.' 

UT     M  »   -25  inch. 

B 

The  part    C    was   downwards 

tluriiiK  the  experiment,  the  weight 

being  laid  upon  the  part  D. 

Remnrkt  —  The  weight  MM  Ibs.  was  Uid  on  nt  once,  and  the  beam  almost  imme- 

diately sunk  with  it  ;  a  weight  something  less  would  have  done  it. 

2. 

The  beam  last  used,  cut  In  two; 

4,039 

•18 

distance   between    support*    3 

1  M 

•30 

feet    3    inches  ;      vrrtir.il     rib 

•43 

downwards,   that  it  might  b< 

•64 

stretched  as  before;  weight  of 
t  feet  9  inches  =  54  Ibs. 

r  M 
7,7*5 
sunk 

•88 

2486 

109 

• 

3-287 

31-80 

Rrmarkt.  —  With  7,735  Ibs.  it  sunk,  by  stretching  and  tearing  at  a  rivet-hole. 
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TABLE  XVI.  (continued.) 


Oak  Beams. 

« 

<u 

-    '-" 

M 

No. 
Exp. 

Description  and  Form  of  the 
Beam. 

Weights  laid  on  Middl 

Deflections  with  thes 
Weights. 

Breaking-weight  of  tl 
Beam  of  7  Feet  betwe* 
the  Supports. 

1  Weight  of  the  Beam 
of  7  Feet  6  inches  Ion 

Side  of  Square  of  Oak 
Beams  of  equal 
Strength  with  the 
lr-n  one. 

Weight  of  tucti 
Beams  of  7  Feet  6 
Inches  long  and  Spe. 
cine  Gravity  900. 

lb«. 

Ibs. 

Ibs. 

inches. 

Ibs. 

3. 

The  other  half  of  the  beam  (exp. 

4.039 

•17 

1),  cut  in  two.       Distance  be- 

5,383 

•23 

tween  the    supports   2    feet   3 

6,055 

•26 

inches  ;    weight    of    3    feet   9 

6.727 

•34 

inches  =  55  Ibs  ;    vertical   rib 

7,399 

•47 

upwards  thus,   1  that  fracture 
might  take  place  by  the  com- 
pression of  that  rib. 

8,071 
8,743 
9,415 
10,087 

•63 

•85 
1-10 
1-95 

10,42,'i 

2-90 

10,759 
sunk 

I" 

3458 

109 

3-6692 

39-44 

Remarks  —With  10.7*9  Ibs.  it  sunk  ;  the  vertical  rib  becoming  twisted. 

All  the  beams  experimented  upon  in  the  foregoing  Table  are 
shown  in  view  and  in  section,  Plate  IX.  figs.  17  and  18.  In  the 
first  experiment,  the  beam  was  7  feet  between  the  supports,  but 
having  yielded  to  the  first  weight,  3335  lbsM  laid  on,  it  was 
subsequently  cut  in  two,  as  shown  in  the  drawings  above  re- 
ferred to.  In  experiment  2,  it  will  be  observed  that  a  frame  of 
this  form  is  weak,  arising  from  the  deficiency  of  material  on  the 
lower  side  of  the  rib  formed  by  angle-iron,  which,  yielding  to  a 
tensile  strain,  becomes  elongated  in  the  act  of  bending,  and 
would  thus  deflect  through  a  considerable  space  before  actual 
fracture  took  place.  Reversing  the  other  part  of  the  beam  with 
the  broad  flange  downwards  it  carried  more  weight,  but  ulti- 
mately sunk  under  a  load  of  10,759  Ibs.,  being  in  the  ratio  of 
10  :  7  in  favour  of  the  beam  with  the  ribs  upwards. 

These  experiments,  when  reduced  to  7  feet  between  the  sup- 
ports, gave  nearly  the  same  proportion,* viz.  nearly  as  34  :  24. 
They  are,  however,  all  weak,  arising  almost  exclusively  from 
want  of  material  on  the  top  edge  of  the  ribs,  and  a  due  pro- 
portion in  the  construction  of  the  beam. 

u  4 
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TABLE  XVII.  Experiments  on  Wrought-iron  Beams  (continued). 


j 

Oak  Beams. 

No. 
of 
Exp. 

Description  and  Form  of  the 
Beam. 

its  laid  on  Middle 

ctions  with  these 
Weights. 

ing-weight  of  the 
of  7  Feet  betweer 
he  Supports. 

ht  of  the  Beam  ol 
tt  6  Inches  long. 

Ifii 
it  i 

l*\\ 

i 

1 

u 

mi 

pr 

•n 

liis 

"1 

Ibs. 

lot. 

Ibs. 

inches. 

Ibs. 

4. 

Beam  differing  from  that  in 

3,355 

•40 

exp.    1    only    in    being    of 

4,711 

•62 

greater  strength,  this  beam 

ft,383 

•82 

being  formed  of  two  3-inch 

6,719 

•98 

angle-irons,  riveted  as  be- 

6,055 

I'll 

fore  to    a  plate    a    i-inch 

6,391 

1-30 

thick.      Distance    between 

6,727 

1-87 

the  supports  7  feet  ;  weight 

„ 

1-92 

of  the  beam  7  feet  6  inches 

7.0G3 

229 

long,  167*108.;  vertical  rib 

7,399 

3-25 

7399 

167-5 

4-7281 

6V49 

downwards  j  . 

Remarks  After  bearing  the  weight  7399  Ibs.  a  short  time  the  beam  became  crarked 
at  a  rivet-hole  and  sunk.     From  the  experiments  of  Buffou  upon  green  oak,  the  side  of 

a  square  beam  of  equal  strength  would  be  4-558  inches,  and  its  weight  708  Ibs. 

5. 

Half  the  beam   used  in  exp. 

4,339 

0-85 

4,  now  3  feet  9  inches  long, 

7,39') 

0-25 

and  weighing  S'.'Jlbs.    Dis- 

10,759 

0-43 

tance  between  supports   3 

11,431 

053 

feet  6  Inches  ;  vertical  rib 

12,103 

065 

downwards. 

I 

broke  at 

) 

12,439} 

a  rivet- 

V6219 

167ft 

4-4«2 

( 

hole. 

J 

6. 

The  other  half  of  the  beam 

8..104 

0-12 

in  exp.  4,  weighing  H5  Ibs.  ; 
length    3    feet    6    inches. 

i6!4»o 

024 
075 

Distance  between  the  sup. 
ports   2  feet  3  inches;   rib 
upwards  j_  . 

18.1  15  j 
( 

sunk.  the 
vertical 
rib  being 

•__•_* 

S5823 

1675 

4-3653 

5583 

twisted. 

The  whole  of  the  experiments  herein  recorded  are  of  the  same 
description  as  the  last,  with  the  exception  of  the  beam  being 
composed  of  thicker  angle-iron,  and  consequently  rendered 
much  stiffer  and  stronger  than  those  first  experimented  upon. 
This  increased  stiffness  reversed  the  resisting  powers  of  the 
beam  when  taken  at  a  7-feet  span,  in  the  ratio  of  6  :  5  in 
favour  of  the  first  position  with  the  rib  downwards.  For  pl;ms 
and  sections  of  these  beams  see  Plate  IX.  fig.  18. 
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TABLE  XVIII.   Experiments  on  Wrought-iron  Beam?. 


Oak  Beams. 

No. 
of 
Exp. 

Description  and  Form'of  the 
Beam. 

Weights  laid  on  Middle 

Deflections  with  these 
Weights. 

Breaking-weight  of  the 
Beam  of  7  Feet  between 
the  Supports. 

Weight  of  the  Beam 
of  7  Feet  6  Inches  long 

Side  of  Square  of 
Oak  Beams  of  equal 
Strength  with  the 
Iron  one. 

Weight  ol  such 
Beams  of  7  Feet  6 
Inches  long  and  spe- 
cific Gravity  900. 

Ibs. 

Ibs. 

Ibs. 

inches. 

Ibs. 

7. 

Solid  wrought  iron  beam,  4  feet  2 

1394 

•13ft 

inches  long,  weighing  23  Ibs., 

1932 

•24 

placed  upon  props  4  feet  asun- 
der ;     vertical    rib     upwards. 

2470 
2739 

•59 
•90 

Form  and  Dimension  of  Section. 

3008 

135 

1790 

41*4 

2-9461 

25-43 

t£                 Thickness  at 

a    ~*    *24 

I    I                   b     =    -29 

c     =    *4  1 

C     \                  d    =    '36 

^E,rJ||L^    <£     A  B  =  2-50 

I 

wel? 

emarkt.  —  With  3008  Ibs.  the  elast 
lit  would  have  destroyed  the  form  < 

city  was 
)f  the  be: 

entirely  destroye 
im. 

d,  and 

a  like  ad 

ditional 

8. 

Same  beam  rendered  straight,  and 
turned  with  its  rib  downwards 

1394 

•17 
•25 

T  . 

2470 

•66 

2739 

1-22 

3008 

2-20 

3142 

sunk 

1870 

41-4 

29894 

26-18 

9. 

Solid  beam,  same  form  as  before  ; 

1394 

•30 

length   5   feet  f  inch  ;   weight 

1932 

•86 

25$    Ibs.       Distance     between 

1526 

1-19 

supports  4   feet  ;    rib  upwards 

2  '-'01 

1-59 

thus.     See  fig.  to  experiment  7. 

23351 
in  a 

2"04 
2-13 

1334 

37*6 

2-671 

20-90 

(,;\                Thickness  at 

few    V 

(t     =    "23 

mi-    | 

b     =    '30 

nutes.j 

c     =    *40 

r.^jJLj^  AB  =  2-p 

R 
flex 

emarlct.  —  After  bearing  the  weij 
i,  .  =1-7!  Inch,  and  would  have  sun* 

ht  2335 
.  more  if 

Ibi.,  it  1 

it  had  nr 

ad  take 
t  been  ui 

i  a  pe 
iloadec 

rmauent 

u 

set  or 

10. 

Same  beam  rendered  straight,  and 
turned  upside  down   tints   -r  . 

1394 
I9T2 

•27 
•51 

Distance  between  supports 

2VOI 

roi 

4  feet. 

2335 

Ml 

in  a   ) 

1-60 

mi- 

2"50 

nute.  ) 

24TO 

- 

1411 

37"6 

2-7215 

21-70 

Remarks.  —  After  bearing  2469  Ibs.  it  was  unloaded,  as  a  little  additional  weight  would 
have  destroyed  its  form. 
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The  experiments  in  this  Table  were  made  on  solid  T  iron, 
and  indicate  nearly  the  same  proportions,  as  respects  their 
strength,  as  the  beams  composed  of  a  plate  and  double  angle- 
iron  riveted  together.  The  whole  of  those  beams  appear  to  be 
defective  in  form,  and  are  therefore  not  calculated  to  sustain  a 
severe  transverse  strain.  To  attain  the  section  of  greatest 
strength,  it  is  probable  a  different  form  would  be  required,  as 
well  as  a  different  proportion  of  the  parts,  such  as  in  the  an- 
nexed figure  with  a  double  flange.* 

TABLE  XIX.  Experiments  on  Wrought-iron  Beams  (con- 
tinued). 


A 

» 

2S 

Oak  Beams. 

No. 
of 
Ex  p. 

Description  and  Form  of  the 
Beam. 

hts  laid  on  Midd 

1 

JS 

f  • 

p 

Ling-weight  of  tl 

m  7  1  -,.,•!  li.tun 
he  Supports. 

Hht  or  tin-  H»-;un 
7  Feet  6  Inches 
long. 

of  Square  of 
team*  of  r<|ii.il 
iiMli  with  the 
i  Hi)  one. 

l?ll 

Of 

i 

1| 

** 

.  —  -  — 

l|l 

iJi? 

Ihs. 

Ibs. 

Ibs. 

inches. 

Ibc. 

11. 

Beam  of  wrought-iron,  formed  of 

4.195 

9-75 

two  bars  (nearly  equal),  whose 

7,46ft 

0-148 

section    is    riveted     together  ; 

10,735 

0-22 

length   of   the   beam    4  feet  2 

10,73ft 

inches  ;  its  weight  40  Ibs.  ft  oz. 

laid  on 

Distance  between  the  supports 

again. 

4  feet. 

14,005 

0-24 

8336 

79-76 

49199 

70-91 

Dimensions  of  Section. 

broke. 

AB=2-86  inches.            F 

Mean  thickness  of  CES^2^2D 

AB=    33  inch. 

KF=3  70  inches. 

B* 

PfM 

in/> 
brol 

marls*  —  After  bearing  the  weigh 
es  of  wood  were  driven  tightly  in  b 
\f  middle,  to  prevent  the  load  laid  f 
ie  by  the  bottom  rib  being  torn  as 

t  10,73ft 
plween  tl 
n  it  the 
under,  pr 

Ibs..  the 
te  ribs  A 
re  from  c 
eccdcdb 

beam   1 
».(•!).. 
ierapginj 
y  one  of 

ad  taken  a  sc 
t  each  side  of  t 
f  its  form.    T» 
the  bars  crack 

t  =  -OG. 
1  !..•  M 
ic  beam 
ing  at  a 

rivet-hole. 

The  above  is  probably  the  strongest  form  of  beam,  if  duly 
proportioned,  by  adapting  the  material  to  a  balance  of  the  two 
opposing  forces  of  extension  and  compression. 

*  Since  the  experiments  herein  recorded  were  made,  others  have  been 
instituted  on  some  deck-beams  by  Mr.  Kennedy  of  Messrs.  Bury,  Curtis, 
and  Kennedy,  Liverpool,  the  particulars  of  which  arc  inserted  hereafter. 
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TAHLE  XX.  Experiments  on  Wrought-iron  Beams. 


Oak  Beams. 

No. 
01 
ExP. 

Description  and  Form  of  the 
Beam. 

| 

1 
1 

Ions  with  these 
Veights. 

g-weight  of  the 
7  Feet  between 
Support*. 

t  of  the  Beam 
t  6  Inches  long 

Square  of 
ms  of  equal 
h  with  the 

II  Ml],-. 

t  of  such 
of?  Feet  6 
>ng  and  Spe- 
iravity  900. 

t 

| 

W 

8 

I1!1 

—            "  W 

Ml* 

* 

H 

*« 

o 

"$» 

B£ 

Ibs. 

Ibs. 

Ibs. 

inches. 

Ibs. 

It, 

Beam  of  wrought-iron  composed 

4,216 

•10 

of   a  uniform    vertical    nb    (7 

8,304 

•IS 

inches  deep  and  7  Feet  6  inct  es 

16,480 

•25 

long)   with   two  2-inch  angle- 

18,667 

•36 

irons   riveted  to  both   lop  and 

22,027 

•52 

bottom    of  the   rib;    rivets  4 

in  five 

) 

inches     asunder  ;      weight    of 

mi- 

( -54 

24,379 

161} 

70358 

155-03 

licam   161  1  Ibs.     Distance    be 

nutes. 

5 

tween  the  supports  7  feet. 

24,379 

sunk 

Dimension*  of  Section. 

CD  =  7  inches. 

1       f_      u   AB  =  4  5  inches. 

H            KF  =4-5  inches. 

0lp            Mean  thickness  of 

EF  =  -30  in! 

II             Plate  GH  =  '25. 

E       1,       F 

Remark*.  —  With  the  weight  24,379  Ibs.  the  top  ribs  of  the  beam  became  twisted. 

13. 

Same    beam     rendered     straight 

16,115 

•29 

and    uniform  ;    experiment    12 

18,355 

•36 

repeated. 

19,475 

•42 

20,595 

•51 

21,715 

sunk 

21,715 

164 

6-7<595 

134-26 

Remarks.  —  The  beam  was  heated  by  the  smiths,  and  when  reduced  to  its  original  form, 
it  was  allowed  to  cool  gradually. 
With  21,715  Ibs.  it  became  bent,  towards   the   wall,  in  a  direction   in  which  it  was 

slightly  drawn  by  the  lever  ;  ribs  uot  twisted  as  before.    It  bore  the  weight  a  minute  or 

two  before  giving  way. 

This  experiment  shows  the  superior  quality  of  wrought-iron 
beams  in  giving  timely  notice  before  fracture ;  it  further  ex- 
hibits weakness  on  the  top  sides  of  the  beams,  a  circumstance 
requiring  great  attention  in  their  construction,  which  in  some 
recent  experiments,  instituted  for  attaining  the  section  of 
greatest  strength,  have  been  strikingly  developed.* 


*  See  my  work  on   the   Construction   of  the  Britannia   and  Conway 
Tubular  Bridges. 
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In  the  preceding  experiments,  we  have  endeavoured  to  com- 
pare the  strengths  as  well  as  the  weights  of  the  beams  or 
frames  which  form  the  ribs  of  ships.  As  regards  the  strengths 
with  equal  weights,  it  is  in  favour  of  oak  ;  but  the  circum- 
stance of  the  fastenings  by  rivets  in  the  sheathing  being  so 
much  superior  to  those  of  timber,  the  iron  ship-builder  is 
enabled  to  dispense  with  one-half  the  number  of  frames,  and 
consequently  a  great  reduction  of  weight  is  effected,  and  more 
strength  obtained  in  the  vessel  as  a  whole  than  could  possibly 
be  accomplished  in  the  timber-built  ship,  however  ingenious 
the  construction  or  the  arrangement  and  distribution  of  the 
material.  The  very  act  of  caulking  the  joints  of  a  wooden 
vessel  has  a  tendency  to  loosen  the  fastenings,  whereas,  in  the 
iron  ship;  there  are  no  actual  joints,  for  the  whole  being  bound 
together  en  masse,  the  same,  or  nearly  the  same,  strength  is 
obtained  as  if  the  whole  ship  were  composed  of  solid  plates 
and  ribs. 

The  best  sectional  form  of  beams  for  the  decks  of  ships  is 
probably  that  exhibited  in  Table  XX.,  which, 
along  with  the  box  beam  of  the  annexed  form 
for  supporting  the  shafts  and  paddle-boxes  of 
steamers,  is  that  generally  used  in  the  construc- 
tion of  vessels  of  this  description.  Other  forms 
have  been  adopted,  particularly  those  suggested 
by  Mr.  Kennedy  of  Liverpool,  alluded  to  in 
page  298,  note. 

Having  carefully  investigated  the  different  properties  of 
wrought-iron  in  its  varied  forms  of  construction,  and  conceiv- 
ing that  the  results  obtained  from  the  experiments  may  be 
useful  in  a  variety  of  circumstances  connected  with  the  useful 
arts,  I  have  endeavoured  to  collect  them  in  the  abstract,  in 
order  that  the  practical  builder  and  engineer  may  the  more 
readily  ascertain  the  comparative  value  of  the  different  forms 
of  beams,  the  properties  of  the  material,  and  their  adaptation 
to  any  particular  construction  in  which  he  may  be  engaged. 
Should  further  information  be  required,  we  must  th<  n  refer  to 
the  experiments,  in  which  will  be  found  the  facts  more  in 
detail,  and  which  are  probably  better  calculated  to  satisfy 
inquiring  mind,  and  to  effect  that  conviction  essential  to  success. 
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I  have  not  attempted  any  inquiry  into  the  laws  of  oxidation, 
the  adhesion  of  barnacles  and  marine  vegetation,  and  the  means 
necessary  to  prevent  such  evils.  This  is  a  subject  which  does 
not  come  within  the  province  of  the  present  inquiry,  and  more 
properly  belongs  to  that  of  the  chemist.  I  would,  however, 
briefly  notice,  that  in  the  whole  of  my  experience  I  have  had 
little  to  complain  of  from  the  effects  of  oxidation,  as  that 
destructive  process,  as  regards  iron,  appears  to  be  greatly  miti- 
gated, if  not  almost  suspended,  by  constant  use,  and  under  the 
influence  of  vibratory  action  the  operation  appears  to  be  ren- 
dered nugatory,  if  it  does  not  entirely  cease,  and  that  under 
circumstances  exceedingly  difficult  to  explain.  This  is  an 
investigation  not  unworthy  the  attention  of  some  of  our  best 
chemists,  to  whom  the  causes  may  be  known,  but  which  are  at 
present,  as  far  as  I  know,  unaccounted  for.  For  example,  I 
may  mention  that  an  iron  ship,  if  kept  constantly  in  use,  or 
nearly  so,  will  last  for  a  number  of  years  exposed  to  all  the 
changes  of  weather  and  temperature  without  any  sensible 
appearance  of  decay.  The  same  may  be  said  of  iron  rails,  over 
which  are  passing  daily  such  enormous  weights,  and  at  such 
velocities  as  almost  to  neutralize  the  action  of  the  elements. 
All  these  are  striking  examples  of  the  durability  of  wrought- 
iron,  which  may  be  considered  as  an  important  element  of  its 
security,  and  a  recommendation  for  its  extended  application. 
There  is  another  circumstance  in  connection  with  this  subject 
to  which  it  may  be  necessary  in  this  place  to  advert,  and  that 
is,  the  effect  which  a  long  continuance  in  salt  water  has  upon 
the  hull  of  an  iron  ship.  It  is  well  known  that  a  long  immer- 
sion of  cast  iron  in  the  sea  will  convert  it  into  plumbago,  and 
that  a  similar  process,  with  malleable  iron,  from  its  contact 
with  the  saline  particles  of  the  ocean,  produces  oxidation; 
and  in  case  the  immersions  were  long  continued  the  effects  of 
this  destructive  process  might  endanger  the  safety  of  the  ship. 
As  yet  we  have  not  had  sufficient  evidence  of  its  effects  to 
enable  us  to  come  to  any  definite  conclusion,  but  it  is  not  im- 
probable that  an  occasional  visit  to  harbours  of  fresh  water 
may  mitigate,  if  it  does  not  entirely  neutralize,  the  injurious 
effects  which  the  material  is  likely  to  sustain.  With  these 
observations,  which  I  offer  with  diffidence,  I  now  beg  to 
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direct   attention   to   the  abstracts  as  deduced   from  the  ex- 
periments. 

Abstract  of  Results  as  obtained  from  the  Experiments. 

In  Part  I.  of  this  inquiry  we  have  endeavoured  to  show  that 
50,000  Ibs.  per  square  inch  is  the  mean  breaking  weight  of  iron 
plates,  whether  torn  asunder  in  the  direction  of  the  fibre  or  across 
it;  and  we  have  also  shown  that  the  tensile  strength  of  different 
kinds  of  timber  drawn  in  the  direction  of  the  fibre  varies  in  a 
given  ratio  to  that  of  iron  :  the  timber  in  this  comparison  being 
represented  by  unity,  we  have  the  following  ratio  of  strength  :— 

Timber.        Iron. 


Ash  as 
Teak  as    - 
Fir  as 
Beech  as  - 
Oak  as      - 


2-94 
3-33 
4-16 
4-34 
5-00 


These,  for  practical  purposes,  may  be  taken  as  a  fair  measure 
of  the  strength  of  the  different  woods  as  compared  with  that  of 
iron  plates. 

It  has  been  shown  that  wrought-iron  plates,  when  riveted 
together,  lose  a  considerable  portion  of  their  strength,  as  may 
be  seen  by  the  experiments  in  Part  II.,  where  the  plates,  by 
their  union  with  each  other,  lose  by  the  ordinary  process  of 
riveting  44  per  cent.,  and  by  the  best  mode  of  riveting  30  per 
cent.  This  should  not,  however,  create  serious  alarm,  aa  the 
loss  of  strength  is  almost  entirely  obviated  by  the  new  process 
..t  riveting  used  in  the  bottom  of  the  Britannia  and  Conway 
Tubular  Bridges*;  and  it  should  also  be  observed  that  in  tim- 
ber the  same  injuries  are  sustained  by  splicing  or  any  other 
method  of  forming  the  joints  as  are  here  exhibited  in  the  ri\ 
ing  of  iron  plates.  The  two  processes,  that  of  riveting  (accord- 
ing to  the  method  used  in  the  experiments)  and  splicing  \v! 
intended  to  resist  a  tensile  strain,  must  therefore  be  considered 

9  See  my  process  of  chain-riveting  as  exhibited  in  the  lower  sides  of 
the  Britannia  and  Conway  Tubular  Bridges,  where  the  injuries  above 
enumerated  are  entirely  obviated. 
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analogous,  and  the  comparison  under  such  circumstances  will 
nearly  follow  the  same  law  as  regards  a  diminution  of  strength. 
In  this  section  of  the  inquiry  the  results  obtained  from  the 
experiments  indicate  a  loss  in  the  joints  as  compared  with  the 
solid  plate,  as  the  numbers  100,  70  and  56,  viz. — 

For  the  solid  plate  -     100 

For  the  double-riveted  joint  -         -      70 
For  the  single-riveted  joint  56 

which  numbers  may  be  considered  as  a  fair  average  value  of 
the  strengths  of  the  different  parts  of  vessels  constructed  in  this 
manner. 

Part  III.  exhibits  the  strength  of  plates  to  resist  vertical 
pressure  from  a  blunt  instrument,  which  was  forced  through 
them  for  the  purpose  of  ascertaining  their  comparative  powers 
of  resistance  with  oak  timber,  placed  under  circumstances  pre- 
cisely similar  and  subjected  to  the  same  force.  The  results  are 
interesting,  as  the  iron  plates  appear  to  follow  a  different  law 
in  their  resistance  to  pressure  to  that  of  oak,  the  strength  being 
as  the  depth  or  thickness  of  the  plates  in  the  first  case,  and  as 
the  squares  of  the  depth  in  the  second.  The  resistances  are 
therefore  in  the  ratio  of  1  :  12,  the  iron  being  12  times  stronger 
than  oak. 

In  Part  IV.  we  have  some  curious  facts  illustrative  of  the 
necessity  and  value  of  experimental  research.  In  the  earlier 
experiments  of  the  inquiry  it  is  evident,  that  angle  and  "f"  iron 
beams  or  frames  are  not  the  best,  as  regards  form,  to  resist  a 
transverse  strain.  In  every  case  they  are  weak,  and  although 
exceedingly  useful,  and  in  fact  indispensable  for  many  pur- 
poses of  construction,  they  are  nevertheless  not  calculated  to 
resist  strain  in  the  form  of  beams  or  girders.  These  defects  I 
have  endeavoured  to  obviate  by  the  introduction  of  beams  with 
double  flanges  formed  of  a  body  plate  and  riveted  angle-irons 
at  the  top  and  bottom.  All  these  latter  constructions  may, 
however,  be  left  with  safety  to  the  practical  engineer.* 

The  strengths  of  nearly  the  whole  of  these  beams  have  been 

*  For  a  more  elaborate  inquiry  into  the  strengths  of  wrought- iron 
beams,  see  my  work  on  the  Britannia  and  Con  way  Bridges. 
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mathematically  investigated  by  Mr.  Tate,  to  whose  friendship 
and  analytical  research  I  am  indebted  for  the  annexed  mathema- 
tical inquiry  into  the  different  forms  of  the  wrought-iron  beams 
which  have  been  experimented  upon.  To  the  mathematician 
this  part  of  the  subject  will  be  the  more  interesting,  as  the  ut- 
most care  has  been  observed  in  the  mesaurements  and  exact 
proportions  of  the  parts,  in  order  to  obtain  the  necessary  formula 
for  calculating  the  strength  of  beams  and  frames  of  this  descrip- 
tion. 

FORMULAE    RELATIVE  TO    THE  BEAMS   IN    THE 
FOREGOING  EXPERIMENTS. 

Beams  with  a  Single  Ftanch. 


Let  ABF  be  a  section  of  a  beam 
having  a  single  flanch  ABAA,  the 
material  being  symmetrically  dis- 
tributed with  respect  to  the  vertical 
line  EF.  Let  hacd  and  DFC  be 
parallel  to  AB ;  cr  and  kdC  parallel 
toEF.  PutEB  =  EA=*,CB=DA 
=e,,oc=Fr=/,  Bk=Ag=l\  Ea= 
Brf=*2,  F*=F»=*8,  area  section 
ABcewA//=A,  and  the  distance  of 
the  centre  of  gravity  of  this  section 
from  the  edge  ne=X. 


To  find  the  Position  of  the  Neutral  Axis. 

Assuming  the  material  to  be  perfectly  elastic,  the  neutral 
axis  will  be  in  the  centre  of  gravity  of  the  section.  Hence  we 
have,  by  calculating  the  moments  with  respect  to  the  line  DC, 

A  x  X^ee-e 


3A 
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which  expresses  the  distance  of  the  neutral  axis  from  the  edge 
ney  where 

A=(*+*3X£i-f2) +  (*!  +  *«,)(*— 0  +  2tfa     •     •     •   (20 

To  find  the  Moments  of  Rupture. 

Let  I  =  the  moment  of  inertia  of  the  section  about  the  neu- 
tral axis. 

Ii  =  the  moment  of  inertia  of  the  section  about  DC. 
W  =  the  breaking  weight  of  the  beam. 
I  =  the  distance  between  the  supports. 
S  =  the  force  per  square  inch  of  the  material  opposed  to 
extension  or  compression,  as  the  case  may  be,  at  the  thin  edge  of 
the  beam. 

Taking  DC  as  the  axis, — 

It=  moment  inertia  ABCD  —  2  moment  inertia  rCdc 
—2  moment  inertia  ere— 2  moment  inertia  cdk. 

9 

Now,  moment  inertia  ABCD==  -ee\y 

3 

9 

2  moment  inertia  rCdc=-(e  —  t)  (el  —  £2)3, 
3 

2  moment   inertia  erc=-(£—  t^)(ei  —  £2)3, 
6 

2  moment  inertia  cdk=-(e— t){(e,—  fi)3— 3(e,  —  £>¥> 

/^\  X   v  \     1  I/  \     1  J/ 


Substituting  these  values  and  reducing,  we  find 
I^I 


<i-<i)}].  ^    •    v    .     (3.) 
Also  (Moseley's  Engineering,  p.  82)  we  have 

1=1!  -AX>,       ........     (4.) 


X 
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Moreover,  by  the  formula  of  rupture, 

W/_SI 
4       X* 


g=w/x  f 

-       ...... 


Taking  the  data  of  Table  XVI.,  we  have 
«=2-5,  6!=2-6,  *=-32,  ^=-35,  <3=* 
therefore,  by  equation  (2.), 


=3-19. 

By  equation  (1.), 

X=  {3x2-5x2-62-(2-6--42)2(7-5--64--25)-(2-5--32) 
x(-42--35)(7'8--84--35)  -5-3x3-19  =  1-91, 

which  is  the  distance  of  the  neutral  axis  from  the  edge  ne  of 
the  beam. 

By  equation  (3.), 

I,  =  i[4x2-5  x2-63-(2-6--42)8(2-5--25)-(2-5--32) 
6 

x(2-6-'35)x  {(2-6--35)a+(2-6--42)(5-2--35--42)}] 
=  13-375. 

By  equation  (4.), 

I=13-375-3-19  x  l-912=l-738. 
By  equation  (5.), 


In  experiment  1,  W=3409,  /=7x  12=84, 


LetX}=the  distance  of  the  neutral  axis  from  the  edges 
AB,  and  S1=the  force  per  square  inch  opposed  to  extension 
or  compression,  as  the  case  may  be,  at  the  edge  AB,  then 

X1=2-6-l-91=-69, 
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and  S!=*L  S=  ^9  x  35  =  12.6  ^ 

-Y  1*91 

In  experiment  2,  W=7735  +  18  =  7753,  and  /=27, 

=25-6  tons- 


and 


In  experiment  3,  W=10759+  18=10777,  1=27, 


and  B!  =  12*6  tons. 

Taking  the  data  of  Table  XVIII.,  experiments  7  and  8, 
e—  1-425,  ^=2-5,  t=-2,  ^=-36,  *2='4,  *3=-12. 

Hence  we  find  from  equation  (2.),  A=  1*762;  from  equation 
(1.),  X=l-86,  and  /.  X  !  =  2-5  —  1'86=-64;  from  equation 
(3),  I1=6-943;  and  from  equations  (4.)  and  (5.),  S=W/x 
•00021  tons. 

In  experiment  7,  W=3008  +  l  1=3019,  Z=48, 

/.   S  =  3019  x  48  x  -00021  =30-4  tons, 


and 


In  experiment  8,  W  =  3142  +  11  =3153,  /=48, 

.-.  S=3153  x  48  x  -00021  =31-7  tons. 

and  S1='641xQ31>7  =  10-9  tons. 

l*oo 

Observations.  —  The  value  of  S  determined  from  experiment 
1,  is  the  resistance  of  the  material  to  extension,  whereas  the 
value  of  S  determined  from  experiment  3,  is  the  resistance  to 
compression.  Hence  it  appears,  that  in  beams  of  this  form  and 
thickness  of  plates  the  resistance  to  extension  is  equal  to  that  of 
compression.  The  same  observation  applies  to  the  values  of  S 
determined  from  experiments  7  and  8  ;  and  the  same  law  also 
holds  true  for  experiments  9  and  10. 

X  2 
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These  calculations  further  show,  that  the  material  in  these 
beams  is  not  properly  distributed,  for  while  the  thin  side  of  the 
beam  is  about  to  undergo  rupture,  the  broad  side  has  not  at- 
tained one-half  of  the  tension  or  compression,  as  the  case  may 
be,  which  it  is  capable  of  sustaining. 

It  will  also  be  observed,  that  the  resistance  of  the  material  at 
the  thin  side,  as  indicated  by  these  calculations,  is  greater  than 
what  it  would  be  under  ordinary  circumstances,  viz.  about  25 
tons  per  square  inch.  This  apparent  discrepancy  may  be  ex- 
plained as  follows:  —  as  a  beam  of  wrought-iron  approaches  the 
limit  of  tension  it  undergoes  an  accelerated  rate  of  elongation, 
even  while  the  cohesion  of  the  material  remains  unimpaired.* 
Now  this  unusual  extension  of  the  particles  in  the  lower  laminae 
(in  a  beam  having  a  single  flanch  placed  upwards)  allows  a 
succession  of  particles  in  the  higher  laminae  to  come  into  full 
tensile  strain,  so  that  the  particles  at  the  lower  edge  of  the  beam 
apparently  attain  a  tensile  strain  greater  than  they  would  have 
under  ordinary  circumstances.  And  it  may  be  presumed,  that 
a  similar  law  obtains  in  reference  to  the  compression  of  wrought- 
iron  beams.  Hence  it  follows,  that  all  calculations  which  assume 
the  tensile  or  compressive  forces,  in  beams  of  this  form,  at  the 
edges  of  the  beam  equal  to  what  they  are  under  ordinary  cir- 
cumstances, must  lead  to  erroneous  results. 

It  may  be  further  worthy  of  remark,  that  experiments  2  and 
3,  8  and  7,  show  that  when  the  flanches  of  the  beams  are  placed 
upwards  the  deflections  are  considerably  greater  than  what  they 
are  when  the  flanches  are  placed  downwards  ;  thus  in  experi- 
ments 2  and  3  we  have — 


Weight  on  the  Beams. 

Deflections  when  the 

Deflections  when  the 

flanch  is  upwards. 

flanch  is  downwards. 

Ibs. 

inch. 

inch. 

6055 

•43 

•26 

6727 

•68 

•34 

7399 

•88 

•47 

and  in  experiments  8  and  7, 

2470 

•66 

•59 

2739 

1-22 

•90 

3008 

2-20 

1-35 

remarki  on  experiment  2,  p.  295. 
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Beams  with  a  Double  Flanch. 

Let  ABFE  be  a  section  of  a  beam  having  two  flanches  ABba 
and  EF/J?  formed  by  angle-irons  riveted  to  a  vertical  plate  CD, 
the  material    being    sym- 
metrically distributed  with 
respect  to  the  vertical  line 
CD.   Let  O  be  the  neutral 
axis,  and  KVG  a  line  pass- 
ing through  thecentreVof 
the  vertical  line  CD  parallel 
to  AB  and  EF.     Put  A  = 
the  area  of  the  section  of  the 
material,  Aj=area  ABFE 
or  2  area  ABGK,  A2=2 
area  mjsi,A3=2&rea,jgbGr, 
a  2=2  area  mjqv,  «3 = 2  area 
jwfGr,  D1  =  GB  =  GF, D2= 
sj,  D  3 = 6G,  d%  =jq,  d3  =/G, 
X=OV,I1  =  moment  of  in- 
ertia about  KG,  I=momentof  inertia  about  O,  W=the  break- 
ing upon  the  centre  of  the  beam,  /=the  distance  of  the  supports, 
S,  S=!  the  resistance  of  the  material  per  square  inch  at  the 
edges  EF  and  AB  respectively. 


To  find  the  Neutral  Axis. 
Taking  KG  as  the  axis  of  moments, 

A  x  X=I(A2D2  +  A3D3-a2d2-a3d3), 


2A 


where       A=Al — A2— A3— a2  — o3 

To  find  the  Moments  of  Rupture,  fyc. 


(6.) 
(7-) 


Taking  the  moments  of  inertia  with  respect  to  the  line  KG, 

z  3 
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Il=  moment  inertia  ABFE  —  2  moment  inertia  space  bgsiqf 

.      .      .     (8.), 


1=1,  -AX» 
s_Wf(P,-X) 
41 


If  0       «2=A2,  a,=A» 

then  X=0,  I1==I, 

and  I=3|A1D«-2A2D1S-2A3DA, 


t  _8WID,  (12) 

and  W=4-i  "3,0^ 

which  expresses  the  breaking  weight  when  S  is  given. 

Let  D',,  D'a, . . .,  A',  A!,  . . .,  &c.,  be  the  corresponding  di- 
mensions of  a  beam  in  all  respects  similar,  and  let  r  be  the 
ratio  of  the  linear  dimensions,  then 


=  rD'i,  &c.,  A/=r2A1,  &c.,  A'2D'a=r3A2D2,  &c., 


By  equation  (6.), 

Y/^A^D^-f  A^D',— 


2  A' 


2r»A 
%/A>D>-A 


2A 
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By  equation  (8.), 

I     A\  D»-A'2D'»-  A',  D'«-a'2d1-a'3rf'} 


By  equation  (11.), 

4SI' 


W'= 


_r2 


4Sxr*I 
r/(rDt-rX) 

4  SI 


(14.) 

That  1S,  THE  BREAKING  WEIGHTS  IN  SIMILAR  BEAMS  ARE  TO  EACH 
OTHER  AS  THE  SQUARES  OF  THEIR  LIKE  LINEAR  DIMENSIONS. 

The  method  of  demonstration  here  used  in  establishing  this 
important  theorem  may  be  applied  to  any  other  form  of  beam. 

When  the  sections  of  the  beams  are  similar,  but  the  distance 
between  the  supports  any  quantity  llt  then  we  have 

(15.) 


Suppose  W  in  equation  (11.)  to  be  determined  by  experi- 
ment, then  we  are  at  liberty  to  assume 


, 

where  d  is  the  depth  of  the  beam,  and  C  a  constant  determined 
by  the  assumed  relation. 
From  equation  (14.),  W'=r2W 


,....  .  .  (160 
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That  is,  THE  BREAKING  WEIGHTS  IN  BEAMS  ARE  FOUND  BY  MUL- 
TIPLYING TOGETHER  THE  AREA  OF  THE  SECTION,  THE  DEPTH, 
AND  A  CONSTANT  DETERMINED  FROM  EXPERIMENT  ON  BEAMS  OF 
THE  PARTICULAR  FORM,  AND  DIVIDING  THIS  PRODUCT  BY  THE 
DISTANCE  BETWEEN  THE  SUPPORTS. 

The  value  of  /'  in  this  formula  is  not  restricted  to  the  con- 
dition of  similarity. 

In  experiment  12f 
D1=3-5,  D2=l-375,  D3=3-22,  cf,= 1-375,  d,=3-2,  W=24380 

+  80=24460,  J=84, 

A,=4-5  x  7=31-5,  A2=  1-375  x -28x2=7,  A, =3-22 +  1-845 
x  2=11-8818, 

a2=l-375  x  -3  x2=-75,  a3=3-2  x  1-825  x  2=11-68, 

A=A,-A2— A-a2-a£=32-5-25-01=6-48, 
/.  by  equation  (6.),     X=-061 1. 

By  equation  (8.),     Ii =46782. 

By  equation  (9.),     1  =46782  -6'48  x  O61 12=46758. 

By  equation  (10.), 

8=24460x84(3-5 --0611)=  17  tons 

4  x  46-758  x  2240 
nearly, 
and  B!  =  17£  tons  nearly. 

In  experiment  13,  W=21715  +  80=21800  nearly, 


c     21800x84(3-5- -0611)     ,, 
S=      4x467854x2240      =15 


The  values  of  S  and  S,,  as  determined  by  these  calculations, 
being  less  for  the  beam  in  experiment  13  than  they  are  for  the 
beam  in  experiment  12,  it  follows  that  the  latter  has  a  better 
distribution  of  the  material  than  the  former.  And  at  the  same 
time  the  difference  of  the  value  of  these  constants  is  so  small  as 
to  lead  us  to  infer  that  the  form  of  the  beam  in  experiment  12 
approaches  to  that  of  maximum  strength  with  a  given  quantity 
of  material.  The  sectional  areas  of  the  top  and  bottom  Ranches 
are  to  each  other  as  28  :  30  or  14  :  15,  which  is  very  nearly  a 
ratio  of  equality. 
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Experiments  by  Thomas  Loyd,  Esq.,  Inspector  of  Machinery, 
to  ascertain  the  effect  of  a  tensile  strain  upon  bars  of  wrought 
iron  under  varied  conditions.  Twenty  pieces  of  If  SC-^  bar 
iron,  each  10  feet  long,  were  cut  out  of  the  middle  of  twenty 
rods  of  iron.  These  10-feet  lengths  were  cut  into  two  parts 
of  5  feet  each,  and  marked  with  the  same  letter.  A,  B,  C,  &c. 
were  first  broken  so  as  to  get  the  average  breaking  strain. 
A|,  Bf,  Ci  were  subjected  to  the  constant  action  of  three- 
fourths  of  the  breaking  weight  for  five  minutes.  The  load  was 
then  taken  off,  and  they  were  afterwards  broken.  It  will  be 
seen  that  the  breaking  strain  was  about  the  same  as  before,  thus 
proving  that  the  previous  strain  had  not  weakened  them. 

Experiment  1. 


First. 

Second. 

Mark 
on  the 
Bars. 

Dimen- 
sions ol 
the 
Bars. 

Breaking 
Weight  in 
Tons. 

Ultimate 
Elonga- 
tion of  Bar 
in  Inches. 

Mark 
on  the 
Bars. 

Dimen- 
sions of 
the 
Bars. 

Breaking 
Weight  in 
Tons. 

Ultimate  Elongation  of 
Bars  in  Inches  with  25 
Tons. 

A. 

1-37 

33-75 

9-12 

A  a. 

_ 

3375 

1-56 

B. 

1-37 

30-00 

9-12 

B2. 

^^. 

33-00 

1-61 

C. 

1-37 

33-25 

9-75 

C2. 

. 

33-25 

1-56 

D. 

1-37 

32-75 

9-22 

D2. 

m 

32-25 

1-75 

E. 

1-37 

32-50 

9-22 

E2. 

m 

32-ftO 

1-75 

F. 

1-37 

33-25 

10-50 

F2. 

. 

33-00 

1-56 

G. 

1-37 

32-75 

8-50 

G2. 

m 

33-00 

1-61 

H. 

1-37 

33-25 

10-61 

|     H2. 

m 

33-50 

1-50 

I. 

1-37 

33-50 

8'37 

12. 

m 

32-75 

1  67 

J. 

1-37 

33-50 

9-22 

J2. 

_ 

33-25 

1-67 

K. 

1-37 

32-25 

8-00 

K2. 

m 

32-50 

1-86 

L. 

1-37 

32-25 

7-50 

L2. 

_ 

31-50 

2-00 

M. 

1-37 

30-  *5 

9-12 

M2. 

_ 

32-75 

Broke  mark  1  75  in  t.  c. 

N. 

1-37 

34-25 

9-22 

N  2. 

_ 

34-00 

1-12 

O. 

1-37 

3175 

7-61 

02. 

_ 

32-50 

175 

P. 

V37 

29-75 

1000 

P2. 

„ 

31-00 

1-75 

Q. 

1.37 

33-50 

9-W 

Q2. 

p 

3375 

1-50 

K. 

1-37 

33-75 

9-75 

R.2 

. 

33-75 

1-56 

S. 

1-37 

33-00 

9-12 

S.  2 

m 

3325 

1-12 

T. 

1-37 

32-25 

8-75 

T.  2 

- 

31*00 

2-18 

Mean 

-        - 

32-57 

9-09 

32-81 

1-64 

In  the  first  columns  of  the  experiments  it  will  be  observed 
that  the  force  required  to  break  the  bars  was  32-57  tons,  with 
a  mean  stretch  of  9  inches  upon  twenty  bars.  In  the  second 
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column  the  mean  of  the  elongations,  with  a  strain  of  25  tons, 
was  only  1*6  inch,  whereas  the  ultimate  breaking  strain  was 
32*8  tons,  evidently  showing  an  increase  instead  of  a  diminution 
of  strength  from  the  previous  strain  of  25  tons,  to  which  the 
bars  had  been  respectively  subjected. 

Experiments  made  in  the  testing-machine  of  Woolwich 
Dockyard  to  ascertain  the  effect  upon  iron-bolt  staves  or  iron 
bars  to  a  tensile  strain.  The  following  results  show  the  strains 
required  for  each  of  four  successive  breakages  of  the  same 
pieces  of  iron  as  in  the  first  experiment,  If  ths  of  an  inch 
diameter  S  C  ^ 

Experiment  2. 


First  Breakage. 

Second  Break- 
age. 

Third  Break- 
age. 

Fourth  Break- 
age. 

Distinguish- 
ing Mark. 

Tons. 

Stretch 
in  54 

Tons. 

Stretch 
in  36 

Tons. 

Stretch 
in  24 

Tons. 

Stretch 
in  15 

from  1-37 
to 

Inches. 

Inches. 

Inches. 

Inches. 

In. 

In. 

In. 

In. 

In. 

A. 

33-75 

9-125 

355 

2-00 

C. 

33-75 

9250 

35-25 

•35 

37-00 

1-00 

MT1 

„ 

1-25 

E. 

32-5 

9-250 

34-75 

1  25 

F. 

33-  tt 

10-500 

35-50 

1-12 

37-25 

•62 

•40 

„    „ 

1  18 

G. 

32-75 

8-500 

35-00 

1-25 

37-6 

-        • 

•41 

—    m 

1-25 

H. 

33-75 

10-625 

36-25 

1-87 

I. 

B-M 

8-375 

M-M 

•62 

36-5 

1-ftO 

J. 

33-50 

9250 

M40 

•25 

36-75 

1-120 

4175 

. 

1-25 

L. 

32-25 

I),-!,-,  mr 

:;.;•:,., 

16 

37  7S 

.         _ 

41-00 

•31 

M. 

30-25 

Defective 

36-50 

•62 

37-75 

•06 

38-50 

•06 

1-25 

Mean-     - 

32*92 

-     r 

35-57 

•         • 

37-21 

•         • 

l'.<  I.', 

-     - 

1-24 

Mean  per  ) 
square     V 

23-94 

25-86 

27-06 

•         • 

29-20 

•90 

Inch       3 

The  results  of  the  above  experiments  are  highly  interesting, 
as  they  not  only  confirm  those  previously  made,  but  they  indi- 
cate a  progressive  increase  of  strength,  notwithstanding  the 
reduced  sectional  area  of  the  bars.  These  interesting  facts  are 
of  considerable  value,  as  they  show  that  a  severe  tensile  strain 
is  not  injurious  to  the  bearing  powers  of  wrought  iron  even 
when  repeated  to  the  extent  of  four  times.  In  practice  it  may 
not  be  prudent  to  test  bars  and  chains  to  their  utmost  limit  of 
resistance;  it  is  however  satisfactory  to  know  that  in  cases  of 
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emergency  those  limits  may  be  approached  without  incurring 
serious  risk  of  injury  to  the  ultimate  strength  of  the  material. 
It  is  further  important  to  observe,  that  the  elongations  are 
not  in  proportion  to  the  forces  of  extension ;  thus  in  the  bar  F, 
experiment  2,  the  elongation  of  a  bar  54  inches  long  with  32*25 
tons,  is  10*5  inches,  giving  an  elongation  per  unit  of  weight 

and  length  =  33-25  x  54=  >0058>  whereas  an  additional  weight 

of  2-25  tons  produces  an  elongation  of  1'25  inch  in  36  inches 
length  of  bar,  giving  an  elongation  per  unit  of  weight  and 

1*25 
length  =2-25x36  ='015^ »  that  is> tlie  elongation  in  this  latter 

case  is  about  three  times  that  in  the  former. 

Experiments  made  to  ascertain  whether  a  shorter  bar  of  iron 
is  stronger  than  a  longer  one  of  the  same  kind  and  size,  If  ths 
of  an  inch  diameter,  S  C  >^H . 

Experiment  3. 


Length  between  the  Nippers  10  Feet. 

Distin- 
guishing 
Mark. 

Stretch  in 
10  Feet. 

Reduced  at 
Fracture. 

Mean. 

Reduced  at  To  else- 
Fracture,     where. 

Remarks. 

In. 

Tons. 

Tons. 

In. 

In. 

1. 

26-00 

33-00 

* 

1 

1-25 

2. 

2675 

3175 

_ 

1-18 

3. 
4. 

26-25 
23-00 

32-25 
32-00 

32-21 

- 

1-25 

Mean  of  elonga- 
tion 26  Inches. 

5. 

27-50 

32-25 

B. 

B. 

6. 

26-76 

32-00 

J 

1-06 

~   ~ 

•1 

Experiment  4. 


Length  between  the  Nippers  42  Inches. 

Distin- 
guishing 
Mark. 

Stretch  in 
42  Inches. 

Breaking 
Strain. 

Mean. 

Reduced  at  To  else- 
Fracture.  I  where. 

Remarks. 

In. 

Tons. 

Tons. 

In. 

In. 

B. 

9-50 

32-50 

' 

1-06 

1-25 

" 

B. 

9-37 

33-00 

B. 

_ 

B. 
B. 

10-25 
10-37 

31-75 
31-50 

>•  32-125 

1 

B. 
B. 

Mean  of  elonga- 
tion 98  Inches. 

B. 

8-62 

32-00 

1-06 

F. 

B. 

8-87 

32-00 

J 

F. 

F. 

J 
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Experiment  5. 


Length  between  the  Nippers  36  Inches. 

Distin- 
guishing 
Mark. 

Stretch  in 
36  Inches. 

Breaking 
Strain. 

Mean. 

Reduced  at 
Fracture. 

To  else- 
where. 

Remarks. 

In. 

Tons. 

Tons. 

In. 

In. 

A. 

8'50 

32-25 

1-06 

1-25 

* 

A. 

8'75 

32-25 

1 

B. 

A. 
A. 

9-00 
9-12 

31-25 
3T50 

•  32-25 

F. 

B. 

Mean  of  elonga- 
tion 8*8  Inches. 

A. 

9-37 

33-50 

B. 

B. 

A. 

8-87 

33-25 

B. 

B. 

J 

Experiment  6. 


Length  between  the  Kippers  24  Inches. 

Distin- 
guishing 
Mark. 

Stretch  in 
2  Feet 

Breaking 

Strain. 

Mean. 

Reduced  at 
Fracture. 

To  else- 
where. 

Remarks. 

In. 

Tons. 

Tons. 

In. 

In. 

Cl. 

6'00 

31-75 

* 

1 

1-25 

' 

C2. 

6-62 

31-50 

1-06  B. 

F. 

C3. 
C4. 

6-12 
6-12 

32-50 
31-75 

>  32-00 

1 
1 

Mean  of  elonga- 
tion 6-2  Inches. 

C. 

6-00 

3225 

1 

C. 

6-37 

32-25 

J 

•  • 

B. 

J 

Experiment  7. 


Length  between  the  Nippers  10  Inches. 

Distin- 
gutihing 
Mark. 

Stretch  in 
10  Inches. 

Breaking 
Strain. 

Mr,. 

Reduced  at 
Fracture. 

To  else, 
where. 

Remarks. 

In. 

Tons. 

Tons. 

In. 

In. 

A. 

4-00 

32*25 

1-06 

1-25 

A. 

3-87 

32-50 

A. 
A. 

4-62 
4-75 

30-50 
31*50 

•32-29 

B. 
I 

B. 

1-18 

Mean  of  elonga- 
tion 4-2  Inches. 

A. 

4*00 

33-25 

•           • 

1-25 

A, 

4-12 

83-75 

• 
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Abstract  of  the  foregoing. 


Length  between 
the  Nippers. 

Breaking  Strains 
in  Tons. 

Mean  Elongation 
in  Inches. 

In. 
120 

32-21 

26 

42 

32-125 

9-8 

36 

32-35 

8'8 

24 

32-00 

6-2 

10 

32-29 

42 

As  these  experiments  were  made  upon  the  same  description 
of  iron,  it  may  be  fairly  inferred  that  the  length  of  a  bar  does 
not  in  any  way  affect  its  strength. 

Reduction  of  the  preceding  Table. 


Length  of  Bar. 

Elongation. 

Elongation  per 
Unit  of  Length. 

In. 
120 

26 

•216 

42 

9'8 

•233 

36 

8-8 

•244 

24 

6-2 

•258 

10 

4-2 

•420 

Here  it  appears  that  the  rate  of  elongation  of  bars  of  wrought 
iron  increases  with  the  decrease  of  their  length ;  thus  while  a 
bar  of  120  inches  has  an  elongation  of  -216  inch  per  unit  of 
its  length,  a  bar  of  10  inches  has  an  elongation  of  *42  inch  per 
unit  of  its  length,  or  nearly  double  what  it  is  in  the  former 
case.  The  relation  between  the  length  of  the  bar  and  its  maxi- 
mum elongation  per  unit,  may  be  approximately  expressed  by 
the  following  formula,  viz 


where  L  represents  the  length  of  the  bar,  and  /  the  elongation 
per  unit  of  length  of  the  bar. 
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These  results  are  of  some  value,  as  they  exhibit  the  ductility 
of  wrought  iron  at  a  low  temperature,  and  also  the  greatly 
increased  strength  which  it  exhibits  with  a  reduced  section 
under  severe  strain. 

On  some  future  occasion  we  may  refer  to  this  subject  in 
order  to  show  the  bearing  powers  of  wrought  iron  when  com- 
pared with  its  elongated  transverse  section  when  reduced  by 
forces  sufficient  to  ensure  fracture. 

The  following  experiments  were  made  to  determine  the 
transverse  strength  of  beams,  recommended  by  Mr.  Kennedy 
of  Liverpool,  for  supporting  the  decks  of  iron  ships. 


Experiment  8.— -October  10,  1845. 

On  a  malleable  iron  beam,  of  the  annexed  sectional  form 
1 1  feet  7  inches  long,  and  1 1  feet  between  the  supports. 


Dimensions  at  a  =  1*000  in.  x2J  in. 
Dimensions  at  6=  '325  in.  x  7  in. 
Dimensions  at  c=  *380  in.  x4  in. 
Weight  of  beam =227  Ibs. 
Weight  of  shackle =885  Ibs. 


Weight 
in  Lbi. 

Deflection 
in  Inchet. 

Deflection 
Load 
removed. 

Remarki. 

885 

•04 

2,581 

•12 

4,317 

•20 

6,050 

•26 

7,743 

•35 

9,493 

•46 

11,253 

•60 

•09 

12,955 

. 

•                    • 

With  this  weight  the  beam   became  dis- 

torted, and  continuing  the  weight  for 

some  time,  the  deflection  kept  increas- 

ing until  it  bent  laterally  so  as  to  be  no 

longer  able  to  sustain  the  load. 

Ultimate  deflection  --69. 

APPENDIX. 


319 


Experiment  9. — October  10,  1845. 

On  a  malleable  iron  beam,  of  the  annexed  sectional  form, 
10  feet  8  inches  long,  and  10  feet  between  the  supports. 
Dimensions  at  a  — 1-000  in.  x  2-f  in. 
Dimensions  at  6=  *350  in.  x8  in. 
Dimensions  at  c=  *440  in.  x  4*30  in. 
Weight  of  beam =247  Ibs. 
Weight  of  shackle =885  Ibs. 


Weight 

in  I.I-. 

Deflection 
in  Inchec. 

Deflection 
Load 
removed. 

Remarks. 

885 

2,631 

•04 

4,358 

•12 

6,098 

•15 

7,827 

•19 

9,585 

•21 

11,278 

•26 

12,980 

•30 

•03 

14,693 

•35 

•03 

16,373 

•45 

•09 

18,115 

•68 

•26 

18,962 

. 

. 

With  this  weight  the  beam  was  distorted 

and  the  experiment  discontinued. 

Ultimate  deflection  =  -71 

In  both  these  experiments  the  beams  yielded  to  lateral  de- 
flection, showing  certain  defects  of  form  arising  from  want  of 
lateral  strength  and  breadth  in  the  top  and  bottom  flanges. 

Experiment  10.  —  October  10,  1845. 

Malleable  iron  beam  of  the  same  form  as  the  last,  10  feet 
7  inches  long,  and  10  feet  between  the  supports. 

Thickness,  a=  1-000  in.  x2-75  in. 
Thickness,  b=   -380  in.  x      8  in. 
Thickness,  c=  -420  in.  x  4'30  in. 
Weight  of  beam =276  Ibs. 


320 


APPENDIX. 


Weight 
in  Lbi. 

Deflection 
in  Inches. 

Deflection 
Load 
removed. 

Remark*. 

885 

•020 

2,606 

•050 

4,364 

•090 

6,105 

•100 

7,835 

•140 

9,559 

•165 

•03 

11,257 

•195 

•03 

12,999 

•220 

•04 

14,728 

•250 

16,407 

•250 

18,108 

•290 

19,839 

•370 

21,553 

•475 

•          • 

With  21,553  Ibs.  the  deflection  increased 

in  four  minutes  -025  ;  in  the  next  four 

minutes  -10  ;  and  in  four  minutes  more 

it  had  sunk  to  '34. 

22,387 

•590 

23,046 

•          • 

• 

Bent    literally  upwards  of    2*65   inches, 
when  the  experiment  was  discontinued. 

Ultimate  deflection  =  *6 

In  these  experiments  it  will  be  necessary  to  remark,  that  they 
were  made  with  the  narrow  flange  uppermost;  a  position  rather 
favourable  to  the  strength  than  otherwise,  on  account  of  the 
increased  area  of  the  top  flange,  which  is  equal  to  2-75  inches ; 
and  the  bottom  flange  is  only  1  *8  inch,  a  circumstance  (deduced 
from  subsequent  experiments)  favourable  to  the  resisting  powers 
of  a  wrought-iron  beam. 


Manchester,  April  10,  1850. 


THE  BDILER  AFTER  THE  EXPLOSION. 


To  face  p. 
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Experimental  Researches  to  determine  the  Strength  of  Loco- 
motive Boilers,  and  the  Causes  which  lead  to  Explosion. 

A  difference  of  opinion  having  arisen  between  a  gentleman 
high  in  authority  and  myself  concerning  the  causes  of  an  ac- 
cident which  took  place  through  the  explosion  of  a  locomotive 
engine  at  Manchester,  on  the  Eastern  Division  of  the  London 
and  North-Western  Railway,  I  deemed  it  necessary  to  institute 
a  series  of  experiments,  not  for  the  purpose  of  confuting  the 
arguments  of  others  or  confirming  my  own,  but  to  determine 
the  real  causes  of  the  explosion,  and  to  register  the  observed 
facts  for  our  future  guidance  in  guarding  against  such  fearful 
catastrophes. 

After  a  careful  examination  of  the  boiler  a  few  hours  subse- 
quent to  the  explosion,  I  found  one  side  of  the  fire-box  com- 
pletely severed  from  the  body  of  the  boiler,  the  interior  copper 
box  forced  inwards  upon  the  furnace ;  and  with  the  exception 
of  the  cylindrical  shell  which  covers  the  tubes,  the  whole  of 
the  engine  was  a  complete  wreck,  as  exhibited  in  the  annexed 
plate. 

Mr.  Ramsbottom,  the  Locomotive  Superintendent,  in  his 
Report  to  the  Directors,  states  that  "  the  engine  in  question 
was  made  by  Messrs.  Sharp,  Roberts,  and  Co.  in  the  year  1840, 
has  been  worked  at  a  pressure  of  60  Ibs.  per  square  inch,  and 
has  run  in  all  a  distance  of  104,723  miles,  a  great  part  of 
which  has  been  either  entirely  without  load,  or  nearly  so.  As 
the  cylinders  are  only  13-inch  diameter,  it  has  been  for  some 
time  too  light  to  work  any  of  our  trains ;  and  has  therefore 
been  chiefly  employed  since  1849  in  piloting  the  trains  through 
Standedge  tunnel,  along  with  another  engine  of  the  same  size, 
which  is  now  at  work. 

"  The  fire-box  was  originally  -j^ths  of  an  inch  thick,  and  is 
now  a  little  over  T\ths  of  an  inch  ;  and,  from  its  excellent  con- 
dition, might  well  be  supposed  (as  indeed  it  was  by  Mr.  Sharp, 
of  the  firm  of  Sharp  Brothers  and  Co.,  who  inspected  it  a  few 
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days  after  the  accident)  to  have  been  recently  put  in  new.  It 
is  perfectly  free  from  flaw  or  patch,  and  would  certainly  have 
run  at  least  100,000  miles.  The  same  may  also  be  said  with 
respect  to  the  outer  shell,  which  is  nearly  of  the  original  thick- 
ness. The  engine  had  been  in  the  repairing  shop  the  three 
months  previous  to  the  accident ;  and  the  iron  fire-box  stays, 
about  which  so  much  has  been  said,  were  tested  by  the  hammer 
in  the  usual  way,  and  were  considered,  both  by  the  workmen 
and  the  foreman,  Wheatley,  to  be  all  sound.  When  originally 
made,  they  were  |^ths  in  diameter,  and  were  equal  to  a  strain 
of  at  least  ten  times  the  force  they  had  to  sustain.  With  the 
exception  of  one  stay,  which  was  on  the  top  row,  the  one  most 
reduced  from  oxidation  was  half-inch  diameter ;  and  supposing 
the  hold  on  the  copper  box  to  have  been  good,  it  was  capable 
of  resisting  a  strain  of  rather  more  than  6J  times  the  working 
pressure,  equal,  say,  to  390  Ibs.  per  square  inch.  The  only 
point  therefore  which  could  admit  of  doubt  as  to  the  safety  of 
the  boiler,  was  with  respect  to  the  hold  which  the  stays  might 
have  in  the  copper  box ;  but  it  appears,  from  experiments 
which  I  have  since  made,  and  which  are  about  to  be  repeated 
by  Mr.  Fairbairn,  that  from  the  force  required  to  pull  some  of 
the  old  stays  out  of  a  copper  plate  similar  to  the  fire-box,  into 
which  they  had  been  screwed  by  the  old  threads  only,  and  not 
riveted^  the  boiler  could  not  have  burst  under  a  pressure  of 
less  than  300  Ibs.  per  square  inch.  One  of  the  old  stays,  which 
had  had  the  thread  partially  damaged  from  being  ripped  out  of 
the  copper  box  by  the  explosion,  was  screwed  by  hand  into  a 
copper  plate,  by  the  old  thread,  to  a  depth  equal  to  the  thick- 
ness of  the  fire-box  plate,  but  not  riveted,  and  it  required  a 
dead  weight  of  8204  Ibs.  to  pull  it  out;  and  as  each  stay  has  to 
support  a  surface  of  5  inches,  x  5f  inches,  say  27  square  inches 
only,  it  follows  that  a  pressure  of  8204-1-27 =303 -85  Ibs.  per 
square  inch  would  have  been  required  to  strip  it. 

"Another  stay,  which  had  not  been  stripped  by  the  explo- 
sion, but  which  was  screwed  out  of  the  old  box,  was  similarly 
treated,  and  required  a  force  of  9 184  Ibs.  to  strip  it,  equal  to 
340  Ibs.  per  square  inch." 

Since  the  experiments  here  referred  to  were  made,  I  have 
repeated  them  with  great  care ;  and  taking  into  account  the 
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tensile  strength  of  the  stays,  in  their  corroded  state,  and  of  the 
side  of  the  fire-box,  which  to  appearance  was  the  first  to  give 
way,  I  find  that  a  force  of  380  Ibs.  upon  the  square  inch  would 
be  required  to  effect  rupture;  and  the  results  of  the  experiments 
on  the  resistance  of  stays  screwed  into  the  copper  fire-box  fully 
confirm  those  already  made  by  Mr.  Ramsbottom.  Assuming 
therefore  that  the  ends  of  the  screws  were  riveted,  and  sound 
in  other  respects,  we  may  reasonably  conclude  that  a  strain  of 
not  less  than  450  to  500  Ibs.  upon  the  square  inch  would  be 
required  to  strip  the  screws,  or  tear  the  stays  themselves 
asunder.  I  have  founded  these  facts  upon  the  experiment  of 
the  resisting  powers  of  the  iron  stay  screwed  into  a  portion  of 
the  copper  cut  out  of  the  ruptured  fire-box,  and  another  expe- 
riment of  a  similar  stay  first  screwed  and  then  riveted,  as  shown 
in  the  annexed  sketch. 

The  stay  marked  A,  £ths  of  an  inch  in  diameter,  in  the  first 
experiment  required  a  force  of  18,260  lbs.=8'l  tons  to  strip  the 


Fig.  2. 

screw,  and  draw  it  out  of  the  copper;  and  the  stay  B,  of  exactly 
the  same  dimensions,  but  riveted  over  the  end,  required  a  force 
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of  24,140  lbs.  =  107  tons  before  it  was  dislodged.*  Taking 
therefore  the  mean  of  those  experiments,  including  those  of 
Mr.  Ramsbottom,  and  we  arrive  at  the  results  given  above, 
namely,  a  resisting  power  of  785  Ibs.  on  the  square  inch,  to 
burst  or  produce  fracture  in  the  stays  and  side  of  the  fire-box. 

In  locomotive  engines  of  more  recent  construction,  where  the 
stays  are  thicker  and  formed  into  squares  of  4  to  4^  inches,  the 
resisting  powers  will  probably  be  increased  to  850  or  900  Ibs. 
on  the  square  inch,  that  is,  7  or  8  times  the  working  pressure. 

On  a  careful  examination  of  the  fire-box  and  every  other 
part  of  the  boiler,  it  was  found  that  the  stays  and  copper  were 
perfect,  and  that  they  were  able  to  sustain  a  pressure  much 
exceeding  207  Ibs.  upon  the  square  inch,  as  given  in  the  follow- 
ing table. 

In  these  experiments,  the  top  of  the  fire-box  sank  a  little, 
owing  to  the  breakage  of  a  bolt  of  one  of  the  cross-bars ;  but 
the  fire-box  stays  were  quite  perfect,  and  to  every  appearance 
would  have  sustained  nearly  double  that  pressure.  If  the  fire- 
box stays  had  been  new  and  the  top  well  stayed,  it  is  more  than 
probable  that  a  force  from  800  to  900  Ibs.  on  the  square  inch, 
would  have  been  required  to  cause  rupture. 

As  much  stress  has  been  laid  upon  the  weakness  of  the  stays 
which  unite  the  fiat  surface  of  the  boiler  to  the  sides  of  the 
fire-box,  the  following  experiments  clearly  indicate  that  the 
fire-box  stays  are  not  the  weakest  parts  of  a  locomotive  boiler, 
and  that  we  have  more  to  fear  from  the  top  of  the  furnace, 
which  under  severe  pressure  is  almost  invariably  the  first  to 
give  way.  Great  care  should  therefore  be  observed  in  the  con- 
struction of  this  part,  as  the  cross-beams  should  not  only  be 
strong,  but  the  bolts  by  which  the  crown  of  the  fire-box  is 
suspended  should  also  be  of  equal  strength,  in  order  that  no 
discrepancy  should  exist,  and  that  all  the  parts  should  be 
proportioned  to  a  resisting  force  of  at  least  500  Ibs.,  on  the 
square  inch. 

Finding  our  knowledge  with  regard  to  the  power  of  resistance 
of  locomotive  boilers  to  strain  exceedingly  imperfect,  I  availed 
myself  of  the  present  opportunity  to  determine  by  actual  expe- 

•  Vide  Experimentt,  Note,  p.  338. 
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riment  the  laws  on  which  these  powers  are  founded ;  and  for 
this  purpose  the  Directors  of  the  London  and  North- Western 
Railway  Company  placed  in  my  hands  an  engine  of  the  same 
age,  constructed  by  the  same  makers,  and  in  every  respect  a 
fac-simile  of  that  which  exploded.  This  engine  was  subjected 
to  hydraulic  pressure  as  follows :  — 


Experiment  made  May  4M,  1853,  to  determine  the  Resisting 
Powers  of  the  Fire-box  and  Exterior  Shell  of  No.  2.  Engine 
on  the  Eastern  Division  of  the  London  and  North-  Western 
Railway. 

In  this  experiment,  the  boiler  was  furnished  with  a  valve,  A, 
of  exactly  1-inch  area,  and  a  lever  of  the  annexed  dimensions, 
as  per  sketch,  fig.  3.  This  lever,  15  :  1,  gave  as  the  weight  upon 


Fig.  3. 

the  valve  35  Ibs.,  and  having  suspended  the  scale,  which  indi- 
cated with  the  lever  50  Ibs.,  the  following  results  were  ob- 
tained. 
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TABLE  I. 


Number 
of  Pounds 
on 
Scale. 

Weights  per 
Square  Inch 
upon  the 
Valve. 

Remarks. 

Lever 

35-0 

Scale 

50-0 

This  engine  was  the  same  age,  and  had  run 

t 

57-5 

about  the  same  number  of  miles  as  the  ex- 

1 

65-0 

ploded  engine.     The  fire-box  was  consider- 

1| 

72-5 

ably  sunk  or  bulged,  and  the  rivets  as  well 

2 

800 

as  the  stays  much  weakened.    The  engine 

2i 

87-5 

had  been  at  work  since  1840. 

3 

95-0 

3^ 

102-5 

4 

110-0 

With  this  pressure  a  leakage  was  observed  at 

4* 

117-5 

some  of  the  joints. 

5 

125-5 

H 

132-5 

6 

1400 

Leakage  increased. 

6* 

147-5 

155-0 

7* 

162-5 

8 

170-0 

Leakage  still  increasing. 

•* 

177-5 

9 

185-0 

9* 

192-5 

10 

200-5 

10$ 

207-5 

With  this  pressure  one  of  the  bolta  of  the  cross- 

bar over  the  fire-box  broke,  which  caused 

the  experiment   to  be   discontinued,  as  the  . 

leakage  was  greater  than   the  force-pump 

could  supply. 

1 

From  the  above,  it  is  evident  that  the  boiler  which  led  to 
these  experiments  could  not  have  burst  under  a  pressure  of  less 
than  300  to  350  Ibs.  upon  the  square  inch,  as  the  failure  of  a 
single  bolt  in  one  of  the  cross-bearers  above  the  fire-box,  under 
a  pressure  of  207  Ibs.  on  the  square  inch,  was  not  the  measure 
of  its  strength,  but  one  of  those  accidental  circumstances  which 
is  calculated  to  weaken,  but  not  absolutely  destroy  its  ultimate 
powers  of  resistance.  I  have  been  led  to  this  conclusion  from 
the  fact  of  finding  the  upper  part  of  the  fire-box  in  every  re- 
spect perfect.  After  the  removal  of  the  pressure  of  207  Ibs.  on 
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the  square  inch,  and  comparing  these  experiments  with  the 
appearance  of  the  crown  of  the  ruptured  fire-box,  I  am  con- 
firmed in  the  opinion  that  steam  of  high  elastic  force  must  have 
been  present  to  cause  the  disastrous  explosion  which  eventually 
occurred. 

Again  referring  to  Mr.  Ramsbottom's  Report,  he  states, — 
"That  it  has  been  objected  that  the  steam  could  not  have  been 
raised  from  60  Ibs.  per  square  inch,  the  pressure  at  which  the 
safety-valve  was  blowing  off  before  being  screwed  down,  to  the 
pressure  stated  by  Mr.  Fairbairn  in  twenty-five  minutes ;  but 
although  I  do  not  go  all  the  way  with  Mr.  Fairbairn  as  to  the 
strength  of  the  boiler,  I  find,  from  experiments  made  upon  a 
boiler  of  somewhat  similar  dimensions,  and  placed  as  nearly  as 
possible  under  the  same  circumstances,  that  the  steam  was 
raised  from  30  Ibs.  per  square  inch  to  80  Ibs.,  as  shown  by 
Bourdon's  steam-gauge  according  to  the  following  scale, 
namely, — 

"Safety- valve  sere  wed  down  3       1  20=30  Ibs.  per  square  inch. 

,,32  30=35 

,,33  45=40 

,,35  00=45 
„  ,,36  15=50  „  „ 

,,37  20=55 

,,38  30=60        „ 

,,39  30=65 
3  10  30=70 
3  11  30=75 
3  12  20=80  „ 

These  experiments,  although  perfectly  satisfactory  as  regards 
the  time  required  to  raise  the  steam  (under  ordinary  circum- 
stances of  the  engine,  standing  with  the  fire  lighted,  and  the 
usual  quantity  of  coke  in  the  furnace)  from  30  up  to  80  Ibs.  on 
the  square  inch — it  was  nevertheless  considered  desirable  to 
repeat  them  through  a  still  higher  scale  of  pressure  and  tem- 
perature, and  to  ascertain,  not  only  the  exact  time,  but  the  ratio 
of  increase,  and  the  corresponding  temperature  of  the  steam  in 
the  boiler  as  the  pressure  progressively  increased.  For  these 
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objects,  two  delicately  constructed  thermometers  were  prepared 
by  Mr.  Dalgetti,  and  having  adjusted  Bourdon's  pressure-gauge 
by  a  corresponding  column  of  mercury,  and  an  engine  haying 
been  placed  at  my  disposal,  the  following  results  were  ob- 
tained :  — 


Experiment  made  May  7th,  1853,  to  determine  the  Rate  of  In- 
creased Pressure,  Temperature  of  Steam,  tyc.  in  a  Locomo- 
tive Engine  with  the  Safety-valve  screwed  down  and  the 
Fire  under  the  Boiler. 

TABLE  II. 


Time 

Pressure. 

Tempera- 
ture, No.  1. 
Gauge. 

Tempera- 
ture,  No.  21 
Gauge. 

Mean 
Tempera* 
ture. 

Remarks. 

h.  m. 

o 

0 

0 

2  44 

11-75 

243 

243 

243-00 

2  45 

14-15 

247 

246$ 

246-75 

2  46 

1635 

251 

251 

251-00 

2  47 

19-25 

255$ 

255 

255-25 

2  48 

22*35 

260 

259$ 

259-75 

2  49 

25-75 

264 

264 

264-00 

2  50 

28-95 

268$ 

268$ 

268-37 

2  51 

32  15 

273 

273 

273-00 

2  52 

35-75 

277 

277 

277-00 

2  53 

39-95 

282 

282 

282-00 

2  54 

44-25 

286$ 

286J 

28637 

2  55 

48-35 

291 

291 

291-00 

2  56 

52-75 

295$ 

295$ 

295-37 

2  57 

57-75 

300 

300 

30000 

2  58 

63-75 

304  1 

304$ 

304-25 

2  59 

68-95 

308$ 

309 

308-75 

3     0 

74-75 

313 

313 

31300 

3     1 

8035 

318 

317$ 

317-75 

3     2 

87-25 

322 

322 

322-00 

3     3 

93-95 

ttti 

326 

326-12 

3     4 

101-15 

331 

331 

331-00 

3     5 

10875 

335$ 

325} 

335-62 

3     6 

111-75 

• 

•                    " 

•          • 

This  experiment  was 
lost,  the  thermome- 

ters not  indicating  a 

higher  temperature. 
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Let  us  now  endeavour,  from  this  table,  to  discover  the  law- 
expressing  the  relation  between  the  time  and  pressure,  or  be- 
tween the  time  and  temperature.* 

The  observations  being  made  at  intervals  of  one  minute  of 
time,  and  the  furnace  being  maintained  at  the  same  intensity, 
it  may  be  presumed  that  the  quantity  of  heat  communicated 
to  the  water  was  uniform,  or  that  there  were  equal  quantities 
of  absolute  heat  communicated  to  the  boiler  in  equal  times. 

The  column  of  pressures  gives  the  successive  augmentations 
of  pressure  at  equal  intervals,  and  the  column  of  temperatures 
gives  the  corresponding  augmentations  of  heat  as  indicated  by 
the  thermometer. 

The  column  of  pressures  shows  that  the  increments  of  pres- 
sure, in  equal  intervals  of  time,  increase  with  the  temperature ; 
thus  at  or  near  260°  the  average  increment  of  pressure  is  at 
the  rate  of  3'1  Ibs.  per  minute;  at  or  near  282°,  it  is  5'4  Ibs. 
per  minute;  and  at  or  near  326°,  it  is  7*1  Ibs.  per  minute. 

Mr.  Ramsbottom's  table  of  experiments  indicates  a  similar 
result ;  thus  at  or  near  268°  the  average  increment  of  pressure 
is  at  the  rate  of  4  Ibs.,  whereas  at  or  near  304°  it  is  at  the  rate 
of  5  Ibs.  per  minute. 

The  law,  therefore,  expressing  the  relation  of  time  and  pres- 
sure does  not  appear  to  admit  of  assuming  a  simple  form.  But 
the  case  is  different  with  respect  to  the  law  expressing  the 
relation  of  time  and  temperature.  Thus  if  T= temperature  in 
degrees,  and  £=the  time  in  minutes  at  which  this  temperature 
is  observed,  estimated  from  the  commencement  of  the  experi- 
ments, then 

T=axt+b      ....     (1.) 

will  give  the  relation  between  T  and  t  with  great  precision 
where  a  and  b  are  constants,  whose  values,  derived  from  these 
experiments,  are  a =4-44  and  b=  —486. 
For  example,  let  #=166,  then 

T=4-44  x  166-486=251°, 
which  exactly  corresponds  with  the  tabular  value. 

*  I  am  indebted  to  my  friend  Mr.  Tate  for  the  mathematical  analysis  of 
this  question. 
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Again,  let  #=180,  then 

T=4-44  x  180-486  =  313-2  ; 

in  this  case  the  tabular  value  is  313°. 
Again,  let  t=  185,  then 

T=4-44  x  185-486=335°-4  ; 

in  this  case  the  tabular  value  is  3350<6. 
From  this  formula  we  find 


If  tt  =the  number  of  minutes  which  elapse  between  the  tem- 
peratures T  and  T,,  then  we  find  from  29  (I), 

T/-T=4-44*/;  .       .       .     (3.) 

which  shows  that  the  temperature  increases  with  the  time  ;  and 
presuming  that  the  heat  of  the  furnace  remained  constant,  this 
formula  also  shows  that  equal  increments  of  absolute  heat  pro- 
duced  equal  increments  of  sensible  temperature  as  indicated  by 
the  thermometer. 

To  determine  the  time,  estimated  from  a  given  pressure,  at 
which  the  boiler  would  burst,  — 

1st.  Let  the  given  pressure  be  that  of  the  atmosphere,  and 
let  the  boiler  be  able  to  sustain  240  Ibs.  pressure  per  square 
inch. 

From  an  experimental  table  of  pressures  and  temperatures 
we  find  240  Ibs.  pressure  to  correspond  to  403°  temperature, 
and  15  Ibs.  pressure  to  212°  temperature;  hence  we  have  by 
formula  (3), 

*,-  =  40372!!=43  minutes, 

4*44 

which  is  the  time  in  which  the  boiler  would  burst,  estimated 
from  the  time  at  which  the  water  begins  to  boil. 

2nd.  Let  the  given  pressure  bo  60  Ibs.  per  square  inch,  and 
the  boiler-pressure  240  Ibs.  per  square  inch,  then 


<,=  ***::  ^=24-1  minutes, 
4*44 
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3rd.  Let  the  given  pressure  be  60  Ibs.  per  square  inch,  and 
the  boiler  pressure  300  Ibs.,  then 

422-296 


4.44 


.=28  minutes, 


which  is  nearly  the  time  in  which  the  boiler  experimented 
upon  would  burst. 

These  facts  appear  to  be  sufficiently  conclusive  to  enable  us 
to  judge  of  the  dangers  to  which  people  expose  themselves 
under  circumstances  where  the  necessary  precautions  are  not 
taken  for  allowing  the  steam  thus  generated  with  the  fire 
under  the  boiler  to  escape.  The  great  majority  of  accidents 
of  this  kind  have  arisen  during  the  time  the  engines  are  stand- 
ing, probably  with  the  safety-valve  fastened  and  a  brisk  fire 
under  the  boiler.  How  very  often  do  we  find  this  to  be  the 
case  in  tracing  the  causes  of  these  melancholy  and  unfortunate 
occurrences ! 

The  statements  contained  in  the  earlier  part  of  this  paper 
regarding  the  strength  of  the  stays  of  the  fire-box  would  have 
been  incomplete  if  we  had  not  put  those  parts  of  a  locomotive 
boiler,  comprised  in  the  flat  surfaces  or  sides  of  a  fire-box,  to 
the  test  of  experiment. 

This  was  done  with  more  than  ordinary  care ;  and  in  order 
to  attain  conclusive  results,  two  thin  boxes,  each  22  inches 
square  and  3  inches  deep,  were  constructed;  the  one  cor- 
responding in  every  respect  to  the  sides  of  the  fire-box,  dis- 
tance of  the  stays,  &c.,  the  same  as  those  which  composed  the 
exploded  boiler ;  and  the  other  formed  of  the  same  thickness  of 
plates,  but  different  in  the  mode  of  staying,  which  in  place  of 
being  in  squares  of  5  inches  asunder,  as  those  contained  in  the 
boiler  which  burst,  were  inserted  in  squares  of  4  inches  asun- 
der. In  fact,  they  were  formed  as  per  annexed  sketch  (figs. 
4.  and  5.),  the  first  containing  16  squares  of  25  inches  area, 
and  representing  the  exploded  boiler,  or  old  construction ;  and 
the  other,  with  25  squares  of  16  inches  area,  representing  the 
new  construction. 
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Fig.  4. 
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To  the  flat  boxes  thus  constructed,  the  same  lever,  valve* 
and  weight  were  attached  as  used  in  the  previous  experiments; 
and  having  applied  the  pumps  of  a  hydraulic  press,  the  follow- 
ing results  were  obtained :  — 

TABLE  III. 

Experiment  1st.  —  To  determine  the  ultimate  Strength  of  the 
Flat  Surfaces  of  Locomotive  Boilers  when  divided  into 
squares  of  25  inches  area. 


Number  of 
Experiment*. 

Preiture  in 
Pounds  per 
Square  Inch. 

Swelling  of 
the  Sides  in 
Inches. 

Remarks. 

1. 

245 

+ 

2. 

275 

+ 

3. 

305 

+ 

4. 

5. 

335 
365 

+ 
+ 

The  box  representing  a  portion  of 
the  flat  surface  of  the  side  of  the 

6. 

395 

+ 

fire-box  of  a  locomotive  boiler 

7. 

425 

+ 

was  composed  of  a  copper-plate, 

8. 

455 

•03 

on  one  side  half  an  inch  thick, 

9. 

485 

•03 

and  an  iron  plate  on  the  other 

10. 

515 

•04 

three-eighths  of  an   inch  thick, 

11. 

545 

•05 

being  the  same  in  every  respect 

12. 

575 

•05 

as  the  boiler  which    exploded, 

13. 

605 

•06 

and    according    to   the    dimen- 

14. 

635 

•06 

sions  exhibited  in  the  drawings, 

15. 

665 

•06 

fig.  4. 

16. 

695 

•07 

17. 

725 

•07 

18. 

755 

•07 

19. 

785 

•08 

20. 

815 

-     Burst  by  drawing  the  head  of  one 

of  the  stays  through  the  copper, 

which  from  its  ductility  offered 

less    resistance    to    pressure    in 

. 

that  part  where  the  stay  was  in- 

serted. 

The  above  experiments  are  at  once  conclusive  as  to  the 
superior  strength  of  the  flat  surfaces  of  a  locomotive  fire-box, 
as  compared  with  the  top,  or  even  the  cylindrical  part  of  the 
boiler ;  but  taking  the  next  experiment,  where  the  stays  are 
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closer  together,  or  where  the  areas  of  the  spaces  are  only  16 
instead  of  25  square  inches,  we  have  an  enormous  resisting 
power ;  a  force  much  greater  than  anything  that  can  possibly 
be  attained,  however  good  the  construction,  in  any  other  part 
of  the  boiler. 

TABLE  IV. 

Experiment  2nd.  —  To  determine  the  ultimate  Strength  of  the 
Flat  Surfaces  of  Locomotive  Boilers  when  divided  into 
squares  of  16  inches  area. 


Number  of 
Experiments. 

Pressure  in 
Pounds  per 
Square  Inch. 

Swelling  of 
the  Sides  in 
Inches. 

Remarks. 

1. 

245 

2. 

275 

3. 

305 

4. 

335 

. 

The  flat  box  on  which  these  ex- 

5. 

365 

periments  were  made    has  the 

6. 

395 

same  thickness  of  plates  as  that 

7. 

425 

experimented  upon  in  the  pre- 

8. 

455 

ceding    table,  viz.    one  side  of 

9. 

485 

copper  half  an  inch  thick,  and 

10. 

515 

•04 

the  other  of  iron  three-  eighths 

11. 

545 

•04 

thick.     The  only  difference  be- 

12. 

575 

•04 

tween  the  two   is  the   distance 

13. 

605 

•06 

of  the  stays,  the  first  being  in 

14. 

635 

•06 

squares  of  25  inches  area,  and 

15. 

665 

•07 

the  other  in  squares  of  16  inches 

16. 

695 

•07 

area. 

17. 

725 

•07 

18. 

755 

•08 

19. 

785 

•08 

20. 

815 

•08 

21. 

845 

•08 

22. 

875 

•08 

23. 

905 

•08 

24. 

935 

•08 

25. 

965 

•09 

26. 

995 

. 

From  995  to  1295  Ibs.,  the  swell- 

27. 

1025 

ing  or  bulge  on  the  side  was  in- 

28. 

1055 

appreciable. 

29. 

1085 

30. 

1115 

31. 

1145 

32. 

1175 

33. 

1205 
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Number  of 
Experiments. 

Pressure  in 
Pounds  per 
Square  Inch. 

Swelling  of 
the  Sides  in 
Inches. 

Remarks. 

34. 

1235 

35. 

1265 

36. 

1295 

•09 

37. 

1325 

•09 

38. 

1355 

•10 

39. 

1385 

•11 

40. 

1415 

•11 

41. 

1445 

•12 

42. 

1475 

•13 

43. 

1595 

•14 

• 

44. 

1535 

•16 

45. 

1565 

•22 

46. 

1595 

•34 

47. 

1625 

. 

Failed  by  one  of  the  stays  draw- 

ing through  the  iron  plate  after 

sustaining  the  pressure  upwards 

of  l£  minute. 

In  the  above  experiments,  it  will  be  observed  that  the 
weakest  part  of  the  box  was  not  in  the  copper,  but  in  the  iron 
plates,  which  gave  way  by  stripping  or  tearing  asunder  the 
threads  or  screws  in  part  of  the  iron  plate  at  the  end  of  the 
stay  marked  a,  fig.  5. 

The  mathematical  theory  would  lead  us  to  expect  that  the 
strength  of  the  plates  would  be  inversely  as  the  surfaces  between 
the  stays ;  but  a  comparison  of  the  results  of  these  experiments 
shows  that  the  strength  decreases  in  a  higher  ratio  than  the 
increase  of  space  between  the  stays.  Thus,  according  to  the 
mathematical  theory,  we  should  have  — 

Ult.  strength  2nd  plate  per  sq.  in.  =  strength  1st  plate  x  f| 

=  815  x££= 1273  Ibs. 

Now  this  plate  sustained  1625  Ibs.  per  square  inch,  showing  an 
excess  of  about  one-fourth  above  that  indicated  by  the  law. 

This  is  in  excess  of  the  force  required  to  strip  the  screw  of 
a  stay  |-^ths  of  an  inch  in  diameter  such  as  those  which  formed 
the  support  of  the  flat  surfaces  in  the  exploded  boiler. 
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It  will  be  found  that  a  close  analogy  exists  throughout  the 
whole  experiments,  as  respects  the  strengths  of  the  stays  when 
screwed  into  the  plates,  whether  of  copper  or  iron  ;  and  that 
the  riveting  of  the  end  of  the  stays  adds  to  their  retaining 
powers  an  increased  strength  of  nearly  14  per  cent  to  that 
which  the  simple  screw  affords.  The  difference  between  a 
fire-box  stay  when  simply  screwed  into  the  plate  and  when 
riveted  at  the  ends  is  therefore  in  the  ratio  of  100  :  76,  nearly 
the  same  as  shown  by  experiment  in  the  Appendix. 

It  is  desirable,  therefore,  that  we  should  ascertain  the  strain 
exerted  on  each  stay  or  bolt  of  the  fire-box. 

Let  A,  B,  C,  D,  E,  F  represent  the  Fig.  6. 

ends  of  the  bolts  or  stays;  O,,  O^  O8,    Q         Q         Q 
O4,  the  centres  of  the  squares  formed  by          0  o 

the  bolts.  Suppose  a  pressure  to  be  ap-  3  4 

plied  at  each  of  the  points  O,,  O2,  O^  O4  HO          § 
equal  to  the  whole  pressure  on  each  of  *0         *oa 

the  squares,  then  the  central  bolt  A  will     O          O          O 
sustain  one-fourth  of  the  pressure  ap-      &          r  E 

plied  atOj,  also  one-fourth  of  the  pres- 
sure applied  at  O2,  and  so  on ;  so  that  the  whole  pressure  on 
A  will  be  equal  to  the  pressure  applied  to  one  of  the  square 
surfaces.     Hence  we  have  —   - 

Strain  on  the  stay  of  Table  IIL  =  815x25=9  tons. 

8840 

Strain  on  the  stay  of  Table  rV.=i^?      !6=  1 1 J  tons  nearly. 

8840 

The  stay  in  the  latter  case  was  \  Jths  of  an  inch  in  diameter; 
hence  the  strain  upon  one  square  of  section  would  be  about  13 
tons,  which  is  considerably  within  the  limits  of  rupture  of 
wrought-iron  under  a  tensile  force. 

In  the  experiments  here  referred  to,  it  must  be  borne  in 
mind  that  they  were  made  on  plates  and  stays  at  a  temperature 
not  exceeding  50°  of  Fahrenheit ;  and  the  question  naturally 
occurs,  as  to  what  would  be  the  difference  of  strength  under 
the  influence  of  a  greatly  increased  temperature  in  the  water 
surrounding  the  fire-box,  and  that  of  the  incandescent  fuel 
acting  upon  the  opposite  surface  of  the  plates. 
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This  is  a  question  not  easily  answered,  as  we  have  no 
experimental  facts  sufficiently  accurate  to  refer  to ;  and  the 
difference  of  temperature  of  the  furnace  on  one  side,  as  com- 
pared with  that  of  the  water  on  the  other,  increases  the  dif- 
ficulty, and  renders  any  investigation  exceedingly  unsatisfac- 
tory. Judging,  however,  from  practical  experience  and  obser- 
vation, I  am  inclined  to  think  that  the  strengths  of  the  metals 
are  not  much  deteriorated.  My  experiments  on  the  effects  of 
temperature  on  cast-iron  *  do  not  indicate  much  loss  of  strength 
up  to  a  temperature  of  600°.  Assuming  therefore  that  copper 
and  wrought-iron  plates  follow  the  same  law,  and  taking  into 
account  the  rapid  conducting  powers  of  the  former,  we  may 
reasonably  conclude  that  the  resisting  powers  of  the  plates  and 
stays  of  locomotive  boilers  are  not  seriously  affected  by  the 
increased  temperature  to  which  they  are  subject  in  a  regular 
course  of  working.  This  part  of  the  subject  is,  however,  en- 
titled to  future  consideration ;  and  I  trust  that  some  of  our 
able  and  intelligent  superintendents  will  institute  further  in- 
quiries into  a  question  which  involves  considerations  of  some 
importance  to  the  public,  as  well  as  to  the  advancement  of  our 
knowledge  in  practical  science. 


NOTE. 

In  order  to  test  with  accuracy  the  tensile  power  of  the  dif- 
ferent descriptions  of  stays  used  in  locomotive  boilers,  and  to 
effect  a  comparison  between  those  screwed  into  the  plates 
and  those  both  screwed  and  riveted,  it  was  deemed  expedient 
to  repeat  Mr.  Ramsbottom's  experiments  on  a  larger  scale  ; 
and  by  extending  the  tests  to  copper  stays  as  well  as  iron  enes, 
it  was  considered  that  no  doubt  could  exist  as  to  the  ultimate 
strength  of  those  simply  screwed,  the  tensile  powers  of  the 
stays  themselves,  and  the  relative  difference  between  those 
and  the  finished  stays  when  screwed  and  riveted  on  both  sides 
of  the  fire-box. 


*  Vide  the  Transactions  of  the  British  Association  for  the  Advancement 
of  Science,  vol.  vi.  p.  406. 
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The  large  lever  and  requisite  apparatus  being  at  hand,  the 
experiments  proceeded  as  follows  :  — 


Experiments  to  determine  the  Ultimate  Strength  of  Iron  and 
Copper  Stays  generally  used  in  uniting  the  Flat  Surfaces 
of  Locomotive  Boilers. 


EXPERIMENT  I.  —  Iron  stay,  Jths  of  an 
inch  in  diameter,  screwed  into  a  cop- 
per plate  |ths  of  an  inch  thick. 


No.  of  Ex 
pertinent. 

Weight  in 
Pounds. 

Remarks. 

Lever  1. 

9,860 

With    the     last    weight, 

2. 

11,540 

18.260  lbs.=  8-1  tons,  the 

3. 

13,220 

threads   in    the    copper 

4. 

14,900 

plate  were  drawn  out  or 

5 

16,580 

stripped    after    sustain- 

1 

18,260 

ing  the   weight   a  few 

seconds. 

EXPERIMENT  II.— Iron  stay,  £ths  of 
an  inch  in  diameter,  screwed  and 
riveted  into  a  copper  plate  £ths  of 
an  inch  thick. 


No.  of  Kx- 
periment. 

Weight  in 
Pounds. 

Remarks. 

Lever  1. 

9,860 

When  the  last  weight, 

2. 

11.540 

24,140  Ihs.    =    107 

3. 

l.VJ-jn 

tons,  was  laid  on,  the 

4. 

head  of  the  rivet  was 

;,. 

16,580 

torn   off;    and    the 

6. 

L8,MO 

stay,  along  with  the 

7. 

19,940 

threads  in  the  copper. 

8. 
9. 

21.620 

waa  drawn   through 
the  i  -late. 

10. 

24,140 
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EXPERIMENT  III. —  Iron  stay,  Jths  of 
an  inch  in  diameter,  screwed  and 
riveted  into  an  iron  plate  £ths  of  an 
inch  thick. 


No.  of  Ex- 
pertinent. 

Weight  in 
Pounds. 

Kemarki 

Lever  1. 

9,860 

With  the  lost  weight, 

2. 

13,220 

28760  Ihs.    =    12-5 

3. 

16,580 

tons,    the    stay  was 

4. 

19,140 

torn  asunder  through 

5. 

20,780 

the     middle,     both 

6. 

23,300 

screw  and  plate  re- 

7. 

25,980 

maining  perfect. 

8. 

26,660 

9. 

27,940 

10. 

28,760 

EXPERIMENT  IV.  —  Copper  stay,  £ths  of  an  inch  in  diameter, 
screwed  and  riveted  into  a  copper  plate  f  ths  of  an  inch  thick. 


No.  of  Ex- 
periment. 

Weight  in 
Pounds. 

Remarks. 

Lever  1. 

9,860 

With  11,540  Ibs.   the 

2. 

11,540 

body  of  the  stay  was 

3. 

13,220 

slightly  elongated. 

4. 

14,900 

Elongation    consider- 

5. 

16,265 

ably   increased  with 

14,900  Ibs. 

Broke  with  16,265  Ibs. 

=  7  '2  tons,  after  sus- 

taining the  load  up- 

wards  of  three   mi- 

nutes. 

Ultimate    elongation, 

0'56inch  in  a  length 

of  three  inches. 

It  will  be  observed,  on  comparing  the  results  obtained  from 
the  above  experiment,  that  iron  plates  and  iron  stays  are  con- 
siderably stronger  than  those  made  of  copper.  It  may  not  be 
advisable  to  have  the  interior  fire-box  made  of  iron,  on  account 
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of  its  inferior  conducting  powers  and  its  probable  durability ; 
but  so  far  as  regards  strength,  it  is  infinitely  superior  to  that  of 
copper,  as  may  be  seen  by  the  following 

Summary  of  Results. 


No.  of  Ex- 
periment. 

Breaking 
Weight  in 
Tons. 

Resistance 
t>.  r  Iraan 
Inch  in 
Tons. 

Ratio,  Experiment  III.,  the  Iron  Stay  and  Iron 
Plate  taken  as  1000. 

ra. 

12-5 

27  7 

1000  :  1000  Iron  and  iron. 

i. 

8-1 

18-8 

1  000  :  648  Iron  and  copper  screwed. 

ii. 

10-7 

23-6 

1000  :    856     Iron    and    copper  screwed 

IV. 

7-2 

16'1 

and  riveted. 

1000  :  576    Copper  and  copper  screwed 

and  riveted. 

On  the  above  data,  it  will  be  found  that  the  iron  stay  and 
copper  plate  (not  riveted)  have  little  more  than  one-half  the 
strength  of  those  where  both  are  of  iron ;  that  iron  stays 
screwed  and  riveted  into  iron  plates  are  to  iron  stays  screwed 
and  riveted  into  copper  plates  as  1000  :  856  ;  and  that  copper 
stays  screwed  and  riveted  into  copper  plates  of  the  same  dimen- 
sions, have  only  about  one  half  the  strength  of  those  where 
both  the  stays  and  plates  are  of  iron.  These  are  facts  in  con- 
nexion with  the  construction  of  locomotive,  marine,  and  other 
descriptions  of  boilers  having  flat  surfaces,  which  may  safely 
be  relied  upon,  and  that  more  particularly  when  exposed  to 
severe  strain,  or  the  elastic  force  of  high-pressure  steam. 
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APPENDIX   III. 

Boiler  Explosion  at  Rochdale,  July  1854. 

In  accordance  with  instructions  received  from  the  coroner 
and  jury  in  this  case,  I  visited  the  scene  of  the  accident  on 
Monday  last,  and  having  made  a  careful  inspection  of  the  debris 
which  covers  the  premises,  site  of  boiler,  steam-engine,  &c.,  I 
have  now  to  report  as  follows :  —  With  the  exception  of  some 
parts  of  the  boiler  and  fragmental  parts  of  the  machinery,  which 
had  been  removed  when  searching  for  the  bodies  of  those  killed, 
I  found  the  buildings,  steam-engine,  boiler,  and  machinery, 
a  heap  of  ruins.  The  boiler  was  torn  into  eight  or  ten  pieces, 
one  portion  (the  cylindrical  part)  flattened  and  imbedded  at  a 
considerable  depth  in  the  rubbish,  and  the  two  hemispherical 
ends  burst  asunder  and  driven  in  opposite  directions  to  a  dis- 
tance of  30  to  35  feet  from  the  original  seating  of  the  boiler. 
Other  parts  of  the  cylinder  and  ends  were  projected  over  the 
buildings  across  Gashouse  Lane,  and  lodged  in  a  field,  at  a 
distance  of  90  yards  from  the  point  of  projection.  To  one  of 
these  parts  were  attached  the  2-inch  safety-valve,  which  was 
torn  from  the  boiler  by  the  force  of  the  explosion,  and  carried 
along  with  its  seating  over  a  rising  ground  to  a  distance  of 
nearly  250  yards.  The  other  portion  of  the  cylindrical  part 
of  the  boiler  was  found  on  the  opposite  side  in  the  bed  of  the 
river,  and  the  hemispherical  end  of  this  part  (furthest  from  the 
furnace)  was  rent  in  two,  and  thrown  on  each  side  to  a  dis- 
tance of  30  or  35  feet.  These  two  pieces  had  evidently  come 
in  contact  with  the  chimney,  razed  it  to  the  ground,  and  finally 
lodged  themselves  in  the  margin  of  the  river.  The  3-inch  safety- 
valve  and  pipe  attached  to  that  portion  of  the  boiler  imbedded 
in  the  river  was  broken  from  the  flange,  and  with  an  extended 
range  the  2-inch  valve  was  projected  over  the  river  into  a 
meadow  at  a  distance  of  150  to  200  yards.  Of  the  steam- 
engine  there  is  not  a  vestige  to  be  seen,  except  the  fly-wheel, 
and  a  pump-rod  which  lies  beside  it,  covered  with  bricks.  This 

2  3 
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was  the  state  in  which  I  found  the  remains  of  the  boiler  and 
steam-engine ;  and  looking  at  the  havoc  done  to  the  premises, 
the  complete  demolition  of  the  buildings,  the  fall  of  the  chim- 
ney, and  the  force  of  the  projectiles,  it  is  evident  that  the 
density  of  the  steam  must  have  been  much  beyond  the  ordinary 
working  pressure  of  501bs.  to  601bs.  on  the  square  inch.  It 
would  seem  from  the  position  of  the  different  fragments,  and 
the  appearance  of  the  end  of  Mr.  Bottomley's  mill  (which  is 
covered  with  the  sediment  of  the  steam  and  water),  that  the 
boiler,  or  the  cylindrical  part  of  it,  must  have  risen  vertically ; 
or  rather,  that  the  forces  at  the  moment  of  rupture  must  have 
acted  from  a  common  centre,  driving  the  hemispherical  ends  in 
opposite  directions,  tearing  open  the  body  with  a  force  that 
would  raise  it  vertically;  and  having  encountered  the  build- 
ings and  other  resistances,  would  again  descend  almost  close  to 
the  spot  from  whence  it  was  projected.  The  springing  of  a 
mine  could  not  have  been  more  destructive  than  this  explosion, 
which  resulted  in  the  tearing  of  the  boiler  into  strips,  and  the 
destruction  of  everything  with  which  it  came  in  contact.  In 
attempting  to  arrive  at  the  force  of  the  explosion,  the  jury 
will  probably  bear  with  me  whilst  I  endeavour  to  trace  the 
cause  which  led  to  this  deplorable  accident  The  task  is  sur- 
rounded with  some  difficulties,  such  as  the  want  of  an  accurate 
knowledge  of  the  state  of  the  safety-valves  ;  the  density  of 
the  steam  at  the  moment  of  rupture ;  the  ultimate  strength  of 
the  boiler,  &c. ;  —  and  I  shall  have  to  enter  a  little  into  detail, 
and  make  a  few  comparisons  which  I  trust  may  be  useful  to 
those  entrusted  with  the  management  of  boilers  and  the  em- 
ployment of  steam  of  increased  density  and  great  elastic  force. 
It  has  been  calculated  that  gunpowder  impels  a  body  before  it 
with  a  force  244  times  greater  than  the  pressure  of  the  atrao- 
.-j.l.ere,  which,  taken  at  151bs.,  gives  244  x  15 =36601  bs.  as 
the  force  upon  a  square  inch  of  surface.  This  would  give 
nearly  30  tons  upon  a  piece  of  ordnance  of  6-inches  calibre ; 
but  to  this  must  bo  added  the  augmentation  of  elastic  pow.-r 
derived  from  the  heat  generated  in  firing  gunpowder,  which 
raises  it  up  to  999^  or  1000.  Atmospheric  bullets  discharged 
with  this  force,  or  rather  with  a  proportionate  charge  of 
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powder,  will  leave  the  muzzle  of  the  piece  at  a  velocity  of  1700 
feet  per  second,  or  nearly  20  miles  a  minute.     Now,  if  we 
compare  this  with  steam  at  300  Ibs.  on  the  square  inch  (which 
I  find  is  about  the  bursting  pressure  of  the  exploded  boiler), 
we  shall  find  that,   however  disastrous  the  effects  of  boiler 
explosions  containing  high  steam  may  be,  they  are  not  to  be 
compared — although  sufficiently  appalling — with  gunpowder  as 
an  agent  of  destruction.     I  have  made  this  comparison  to  show 
that  steam  and  steam-boilers,  although  not  so  dangerous   as 
gunpowder,  are  nevertheless  sufficiently  so  to  be  placed  in  the 
category,  and  ought  to  be  treated  in  the  same  manner,  and  with 
the  same  precaution.    In  the  question  before  us,  I  find  the  boiler 
with   hemispherical  ends  18   feet  long,  5  feet  diameter,  and 
composed  of  plates  T^ffths  of  an  inch  thick  (Note  a),  to  be  equal 
in  its  powers  of  resistance  to  a  pressure  of  335  Ibs.  on  the  square 
inch;   but  finding  one  of  the  plates  under  -^ths  in  thickness,  I 
have  reduced  its  power  to  300  Ibs.,  which  I  consider  the  force 
at  which  it  would  burst.     Now,  if  we  take  300 Ibs.  as  the 
pressure  exerted  against  every  square  inch  of  its  surface,  and 
its  superficies  at  41,000  inches,  we  have  pent  up  in  this  com- 
paratively small  vessel  the  enormous   force   of  41,000x300 
=  12,300,000  Ibs. ;  or  5491  tons  of  elastic  force  enveloped  in  an 
iron  case  of  little  more  than  £th  of  an  inch  in  thickness.     A 
knowledge  of  this  fact  would  appear  to  be  sufficient  to  place 
people  upon  their  guard  as  to  the  dangers  to  be  encountered  by 
tampering  with  an  agent  of  such  mighty  power  as  imprisoned 
steam.     The  relative  volume  of  steam  at  the  pressure  of  the 
atmosphere  is  1700  times  that  of  water,  at  higher  temperatures 
and  increased  density  the  volume  is  reduced  in  a  given  ratio  of 
its  temperature  and  density;  and  it  is  also  observed,  that,  when 
steam  is  generated  in  a  boiler,  the  temperature  increases  with 
the  pressure,  and  vice  versa  the  pressure  increases  with  the 
temperature.    It  is  impossible  therefore  to  increase  the  tempe- 
rature without  increasing  the  pressure.  In  this  state,  therefore, 
steam  is  at  its  maximum  of  density  or  pressure  when  compared 
with  its  temperature.    This  correspondence  of  temperature  and 
pressure  only  arises  when  the   steam  is  in  the  boiler  with  a 
sufficient  quantity  of  water  to  supply  the  quantity  generated  or 
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given  off  to  the  engine.  At  other  times,  when  the  communica- 
tion with  the  boiler  is  cut  off,  the  maximum  ceases  for  want  of 
water  to  supply  the  quantity  carried  off,  and  which  is  necessary 
to  increase  the  pressure.  Knowing  these  facts,  it  will  be  seen 
that  in  boilers  having  an  active  fire  burning  under  them,  the 
engine  standing,  and  the  safety-valves  fast  (it  matters  not  how), 
the  temperature  will  rise,  the  pressure  increase,  and  explosion 
ensue,  unless  relieved  by  starting  the  engine  or  letting  off  this 
dangerous  accumulation  of  temperature  and  pressure.  How 
careful  ought  we  therefore  to  be,  to  look  to  the  valves,  to 
regulate  the  fires,  and  to  keep  down  the  pressure  below  the 
dangerous  point  of  resistance ;  and  how  very  serious  the  re- 
sponsibility when,  either  from  ignorance  or  neglect,  the  force  is 
allowed  to  accumulate  beyond  all  powers  of  resistance !  Steam- 
boilers  of  every  description  should  be  constructed  of  sufficient 
strength  to  resist  eight  times  the  working  pressure ;  and  no 
boiler  should  be  worked  under  any  circumstances  whatever 
unless  provided  with  at  least  two  —  I  would  prefer  three  — 
sufficiently  capacious  safety-valves.  Two  of  these  valves  should 
be  nearly  equal  to  double  the  area  of  the  steam  ports  of  the 
engine  they  are  intended  to  drive,  and  the  other  about  one- 
fourth  that  area  as  an  indicator  of  the  pressure.  These  pro- 
visions made,  I  would,  under  public  sanction,  determine  that  no 
steam-boiler,  of  whatever  description,  should  be  used  without 
them  ;  and  these  again,  when  properly  applied,  should  be  placed 
in  the  hands  of  the  proprietor  intending  to  work  them,  and 
whether  ignorant  or  conversant  with  the  subject  he  should  be 
made  responsible,  and  that  to  the  fullest  extent.  In  the  present 
instance,  I  believe  that  both  Mr.  Williamson  and  his  engineer 
are  ignorant  of  the  properties  of  steam,  and  the  care  that  is  ne- 
cessary for  retaining  it  within  bounds  of  control  (Note  b).  This 
is  however,  no  excuse  for  the  accident  that  has  occurred,  or 
for  the  neglect  on  the  part  of  the  engineer  in  allowing 
safety-valves  to  get  out  of  order,  and  for  the  losses  ultimately 
sustained  by  families  who  now  mourn  the  lost  of  their  relai 
and  friends.  In  this  case,  any  more  than  in  others  I  have  been 
r:illc«l  upon  to  investigate,  lam  not  advocating  the  interference 
of  the  legislature,  but  I  strongly  suspect  that  that  int< 
is  more  than  likely  to  take  place,  unless  greater  precautions  are 
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t  iken  to  protect  the  lives  and  limbs  of  the  community  (Note  c). 
It  has  been  my  duty,  on  several  occasions,  to  make  appeals  to  the 
proprietors  and  owners  of  steam-engines,  urging  them  to  do  for 
themselves  what  the  government  will  assuredly  do  for  them ; 
and  unless  appointments  are  made,  and  greater  precautions  taken 
to  enforce  closer  attention,  and  effect  greater  security  to  their 
workpeople,  it  will  become  the  duty  to  do  by  law  what,  in  my 
opinion,  should  be  done  without  it  (Noted).  To  the  numerous 
boiler  accidents  which  from  time  to  time  have  occurred  in  these 
districts,  may  be  traced  the  fact  that  nearly  the  whole  of  them 
have  occurred  when  the  engine  is  standing,  or  rather  just  after 
starting.  Now  this  cannot  be  too  generally  known  ;  and  I  take 
this  opportunity  of  stating  that  nine-tenths  of  the  accidents 
which  occur  are  attributable  to  this  cause,  and  may  be  pre- 
vented by  a  very  moderate  share  of  attention.  In  the  first 
place,  it  must  be  understood  that  we  cannot  leave  a  blazing  fire 
under  a  boiler  with  impunity,  and  that  more  particularly  when 
the  safety-valves  are  either  of  imperfect  construction,  fastened 
down,  or  accidentally  shut.  The  generated  steam  and  accumu- 
lated pressure  under  these  circumstances  must  have  vent ;  and 
in  case  it  cannot  escape  through  the  engine,  or  out  at  the  safety- 
valves,  it  is  clear  to  make  way  for  itself,  not  through  the  usual 
outlets,  but  through  the  sides,  ends,  or  bottom  of  the  boiler. 
That  is  the  only  outlet  when  the  others  are  closed  for  the  steam 
to  escape.  Engineers,  millowners,  &c.  should  never  forget  this 
tendency  of  imprisoned  steam  to  rupture  everything  before  it, 
and  provided  they  had  these  dangers  constantly  before  their 
eyes,  it  is  more  than  probable  we  should  seldom  or  never  hear 
of  boiler  explosions. 

As  respects  the  relative  volume  of  steam,  as  compared  to  the 
volume  of  water  that  produced  it  under  pressure,  it  will  be 
observed,  on  consulting  the  experiments  of  Arago  and  Dulong, 
that  the  volume  bears  a  fixed  relative  proportion  to  the  tem- 
perature and  pressure,  and  that  this  steam,  when  reduced  to 
the  temperature  of  212°,  will  occupy  a  space  of  1700  times 
that  of  the  water  which  produced  it ;  and  hence  follows  an 
expansive  force,  at  119  Ibs.,  of  more  than  seven  times  its 
volume,  and  at  300  Ibs.  (the  assumed  bursting  pressure  of  the 
boiler),  at  more  than  double  that  amount.  Taking,  therefore, 
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into  account  not  only  the  temperature  of  the  steam,  but  the 
temperature  of  the  water  in  the  boiler,  it  would  appear,  at  the 
moment  of  rupture,  that  the  force  or  actual  quantity  of  steam 
would  be  augmented  by  dilatation,  and  the  projecting  power 
would  thus  be  continued,  until  the  original  impetus  was  de- 
stroyed by  the  retarding  masses  with  which  it  came  in  contact. 
Again,  all  the  heat  transmitted  from  the  fire  to  the  water  in 
the  boiler  being  retained  in  great  force,  that  force  is  increased 
and  rendered  active  by  any  disturbance,  such  as  the  starting  of 
the  engine,  condensation,  or  any  other  cause  which  may  affect 
the  equilibrium  of  the  pressure.  It  is  therefore  important  that 
we  should  know  these  facts,  that  we  should  know  how  to  apply 
them  to  our  use  with  prudence  and  caution,  and  not  to  allow  a 
practice,  founded  on  an  ignorance  of  the  elements  with  which 
we  have  to  deal,  any  longer  to  exist.  It  has  been  remarked, 
and  closely  argued  by  its  advocates,  that  explosive  gas  is  ge- 
nerated in  several  cases  where  these  accidents  occur.  Now  I 
utterly  repudiate  this  notion,  as  am  satisfied,  from  observa- 
tion and  long  practice,  that  gas  has  nothing  to  do  with  them, — 
that  they  are  governed  by  a  fixed  and  determined  physical 
law,  and  that  law  is  neither  more  nor  less  than  excessive  pres- 
sure. It  is  true,  that  in  cases  where  boilers  explode  from 
want  of  water,  and  the  plates  become  red-hot,  tlu-n,  and  only 
then,  does  the  spheroidal  system  of  Boutigny  come  into  opera- 
tion, when  large  globules  of  water,  containing  immense  central 
heat,  are  formed,  and  bursting  with  great  force  and  a  loud  re- 
port, might  rupture  the  vessel  in  which  they  are  contained. 
This  cannot,  however,  take  place  unless  water  is  pumped  into 
the  boiler  suddenly,  and  without  reflection  as  to  the  results. 
Altogether,  I  am  of  opinion  that  these  sort  of  accidents  seldom 
if  ever  occur.  The  contrary  is  almost  invariably  the  case,  and 
boiler  explosions,  although  varied  in  conditions  and  circum- 
stances, are  nevertheless  traceable  to  that  undeviating  law  of 
pressure  which  invariably  becomes  the  destructive  when  allowed 
to  exceed  the  resisting  powers  of  the  vessel  in  which  it  is 
contained.  I  have  already  described  the  force,  the  direction,  and 
the  consequent  effects  of  the  explosion  ;  but  I  have  not  as  yet 
given  a  decided  opinion  as  to  wiiat  I  consider  to  be  the  ultimate 
cause  of  the  explosion.  I  have  endeavoured  to  arrive  at  this 
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by  a  close  investigation  of  the  state  of  the  safety-valve,  and 
taking  into  consideration  the  slovenly  and  careless  manner  in 
which  these  important  adjuncts  had  been  treated,  I  am  not  sur- 
prised that  they  should  fasten  themselves  and  totally  prevent 
the  escape  of  the  surcharged  steam.  The  2-inch  valve  I  find 
was  held  down  by  two  weights,  —  one  24  Ibs.,  at  the  extreme 
end  of  the  lever,  and  the  other  22J  Ibs.,  at  about  half  the  dis- 
tance from  the  fulcrum  ;  calculating  the  pressure  due  to  these 
weights,  we  have  about  76  Ibs.  on  the  square  inch  (Note  e). 
What  the  3-inch  valve  had  upon  it  I  am  unable  to  determine,  as 
the  weights  have  not  been  found ;  I  have,  however,  examined 
the  valve  very  minutely,  and  find  that  the  spindle,  which  passes 
through  a  hole  in  the  cover,  is  rather  tight ;  and  looking  at  the 
rusty  state  in  which  I  found  it,  I  have  no  hesitation  in  stating 
that  it  was  inoperative,  and,  independent  of  the  weight  upon 
the  lever,  had  got  fast  in  the  hole.  The  load  upon  the  2-inch 
valve  was  an  excess  of  pressure  for  such  a  boiler,  but  I  do  not 
consider  that  such  a  load  would  have  proved  fatal,  provided  the 
other  valve  had  worked  freely  and  had  not  been  overloaded. 
In  a  word,  I  am  satisfied  there  was  no  escape  for  the  steam  for 
some  time  previous  to  the  starting  of  the  engine,  and  the  boiler 
being  at  the  point  of  rupture,  the  least  disturbing  cause  was 
sure  to  terminate  in  the  results  on  which  I  have  been  called 
upon  to  report. 

(a)  One  part  of  the  boiler,  I  am  told,  was  of  |-inch  plates  ; 
but  it  is  immaterial  how  thick  one  part  may  be,  for  the  thinner 
part  is  the  measure  of  the  strength  of  a  boiler. 

(If)  I  do  not  of  course  speak  here  of  Mr.  Williamson  indivi- 
dually, or  with  any  intention  of  prejudicing  him  in  the  minds 
of  the  jury.  I  know  that  there  are  a  great  many  people  who 
use  steam-boilers,  and  who  are  not  at  all  acquainted  with  the 
dangers  that  surround  them  :  I  speak  generally,  with  reference 
to  what  is  necessary  to  be  observed  in  the  working  of  all  steam- 
boilers. 

(c)  The  frequent  recurrence  of  these  lamentable  accidents 
seems  to  me  to  be  very  likely  to  cause  the  enactment  of  some 
stringent  laws  for  the  protection  of  the  lives  of  all  those  ex- 
posed to  such  catastrophes. 
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(d)  It  appears  to  me  that  it  is  possible,  and  quite  practicable, 
to  establish  an  association  (for  instance)  in  Rochdale  and  the 
surrounding  districts,  the  members  of  which  should  appoint 
one  or  two  inspectors  to  take  cognizance  of  all  the  boilers  in 
the  district,  and  to  report  to  the  association,  weekly,  in  what 
state  they  found  the  boilers,  and  why  they  were  not  in  a  work- 
ing condition,  if  the  inspector  or  inspectors  thought  such  to  be 
the  case.     I  do  not  think  it  would  be  any  tax  on  the  proprietors 
of  boilers  to  pay  a  trifling  sura  yearly  to  meet  the  expenses  of 
such  an  association ;  for  it  strikes  me  forcibly  that  we  should 
not  only  avoid  these  very  serious  accidents,  but  I  believe  it 
would  be  productive  of  benefit  to  the  proprietors,  and  save  a 
great  deal  of  money  which  is  now  lost  by  the  frequent  explo- 
sions. 

(e)  If  there  was  an  8-lb.  weight  in  addition  upon  this  2-inch 
valve,  of  which  I  was  not  informed  [but  which  Clegg, 
engine  tenter,  stated  in  his  evidence  that  he  worked  with,  al- 
though he  took  it  off  on  the  night  before  the  explosion,  as  was 
his  custom,  to  allow  the  steam  to  escape],  that  would  give 
something  like  9  Ibs.  pressure  extra.     I  could  not,  on  Monday, 
learn  the  weight  that  was  upon  the  3-inch  valve,  but  I  find 
that  it  had  an  iron  cover,  with  an  iron  spindle  working  through 
it     There  seemed  to  be  room  for  just  sufficient  motion  of  the 
spindle  to  make  the  valve  act ;  and  I  could  not  lift  it  more  than 
one-eighth  of  an  inch  before  it  got  fast.     But  the  least  damp- 
ness, from  the  steam  or  otherwise,  would  cause  the  iron  to 
rust,  so  that  it  would  become  jammed,  and  all  the  pressure  you 
could  bring  to  bear  upon  it  would  never  move  it.     I  certainly 
do  not  think  that  this  valve  was  in  action  on  the  morning  of 
tin-  explosion.     It  would  be  much  better  that  covers  and  spin- 
dles should  be  of  brass,  which  is  not  so  likely  to  oxidize.    This 
valve  might,  under  many  circumstances,  work  freely;  but  it 
might  also  stick  fast  at  the  very  moment  it  was  most  wan 
Under  all  the  circumstances,  I  have  no  hesitation  in  saying 
that  this  valve  must  have  been  fast  at  the  time  of  the,  explo- 
sion.    I  do  not  think  that  the  boiler  could  have  exploded,  it 
the  valve  had  been  working,  and  had  not  been  overweiglr 

I  mean,  if  there  had  not  been  a  greater  pressure  upon  it  than 
that  upon  the  2-inch  valve.     [The  Coroner  read  the  evidence 
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of  the  lad  Samuel  B.  Taylor,  as  to  the  putting  of  an  extra 
loom-weight  upon  the  2-inch  valve,  a  few  minutes  before  the 
explosion ;  and  Mr.  Fairbaim  said  that  this  valve  must  have 
then  been  weighted  up  to  150  Ibs.  or  even  180  to  200  Ibs.  on 
the  square  inch.  Even  supposing  the  2-inch  valve  to  have 
been  in  working  condition,  ho  was  not  sure  that  it  would  have 
sufficiently  relieved  the  boiler  of  the  rapidly-accumulating 
steam,  and  prevented  the  explosion.] 


Verdict  of  the  Jury. 

At  half-past  seven  the  jury  were  left  to  consider  their  verdict. 
They  remained  locked  up  until  one  o'clock  yesterday  (Friday) 
morning  ;  when  the  foreman  handed  to  the  Coroner  the  fol- 
lowing verdict : — 

"  That,  in  the  opinion  of  the  jury,  the  death  of  Ann  Stott  and 
nine  other  persons  was  caused  by  an  explosion  of  the  boiler,  at 
Bridgefield  Mill,  occupied  by  George  Williamson,  such  explo- 
sion being  occasioned  by  an  excessive  pressure  of  steam,  and 
that  pressure  being  produced  by  the  following  circumstances : — 
first,  the  3-inch  safety  valve  not  being  in  working  order,  and 
consequently  inactive  ;  secondly,  the  2-inch  safety  valve  being, 
on  the  morning  of  the  explosion,  much  overweighted  ;  and 
thirdly,  as  the  engine  only  worked  at  intervals  from  six  o'clocl- 
to  twenty  minutes  past,  a  space  of  time  elapsed  during  which 
the  fire  was  kept  up,  and  in  that  time  such  an  amount  of  heat 
was  added  to  the  water  in  the  boiler,  and  pressure  thereby 
accumulated,  as  to  render  it  impossible  that  the  boiler  could  be 
relieved  by  the  small  or  2-inch  valve  when  so  overweighted. 
The  jury  at  the  same  time  wish  to  express  their  opinion  that 
the  boiler  and  engine  at  Bridgefield  Mill  were  very  improperly 
managed,  thereby  causing  danger  to  the  parties  employed ;  and 
that  the  occupier  and  engineer  are  exceedingly  blameable  for 
working  the  boiler  at  the  high  pressure  they  have  done  for  a 
long  time  previous  to  the  explosion." 

We  understand  that  the  jury  appended  to  their  verdict  the 
following  remarks :  — 

"The  jury  cannot  separate  without  pressing  on  the  conside- 
ration of  the  owners  and  users  of  steam  boilers  throughout  the 
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kingdom,  the  necessity  there  is  that  measures  should  be  taken 
by  them  to  ensure  a  thorough  and  frequent  inspection  of  boilers, 
so  as  to  prevent,  as  far  as  human  care  can,  the  recurrence  of 
explosions ;  and  they  would  recommend  that  for  this  purpose 
the  owners,  &c.  in  various  districts  should  meet  and  appoint 
their  own  inspectors,  who  should  grant  certificates  respecting 
the  working,  &c.  thereof  in  the  districts  as  such  inspectors 
might  be  appointed  ;  they  (the  jury)  believing  that  by  such 
appointment  and  control  a  direct  benefit  would  ensue,  as  well  as 
the  advantage  of  preventing  other  interference." 


APPENDIX  IV. 

Association  for  the  Prevention  of  Steam  Boiler  Explosions,  and 
for  effecting  Economy  in  the  Raising  and  Use  of  Steam. 

RULES. 

1.  That  the  association  be  called  "The  Association  for  the 
Prevention  of  Steam  Boiler  Explosions,  and  for  effecting  Eco- 
nomy in  the  Raising  and  Use  of  Steam." 

2.  That  all  persons  employing  steam  power  within  a  circuit 
of  34  miles  round  Manchester,  be  eligible  as  members. 

3.  That  this  circuit  be  divided  into  districts,  with  po\v 
enlarge  the  sphere  of  the.  association  by  the  addition  of  new 
districts,  contiguous  to  the  circuit  now  defined,  when  sufficient 
local  support  is  offered  and  the  approval  of  a  general  meeting 
obtained. 

4.  That  the  management  of  the  business  of  the  association  be 
(i)  trusted  to  a  commit  tec,  consisting  of  six  members,  representing 
Manchester  and  its  immediate  neighbourhood,  and  two  members 
from  each  district ;  a  president,  and  four  vice-presidents,  ex 

'•  mcmlx-M  of  the  committee.     Three  to  be  a  quorum. 

5.  That  the  commit  tee  of  management  be  elected  annually  at 
a  general  meeting,  to  be  held  on  the  last  Tuesday  in  November 
in  each  year. 

6.  That  all  questions,  whether  at  the  general  or  committee 
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meetings,  be  decided  by  a  vote  of  the  majority  of  the  members 
present,  each  firm  to  have  one  vote,  and  the  chairman  a  casting 
vote. 

7.  That  no  firm,  whose  subscription  is  in  arrear,  have  the 
privilege  of  voting. 

8.  That  the  president,  or  one  of  the  vice-presidents,  when 
present,  occupy  the  chair. 

9.  That  the  expenses  of  the  association  be  met  by  an  entrance 
fee  of  £2,  and  an  annual  subscription  (payable  in  advance  in 
the  month  of  December  in  each  year)  for  each  steam-boiler  in 
regular  use.     The  first  subscription  to  be  30s.  per  boiler,  and 
the  rate  from  November  next  for  future  years  to  be  annually 
fixed  by  the  general  meeting. 

10.  That  the  committee  shall  appoint  and  dismiss  all  officers 
and  others  required  to  carry  out  the  objects  of  the  association, 
fix  their  respective  salaries,  and  prescribe  all  rules  and  regula- 
tions for  their  guidance  and  observance. 

11.  That  the  office  of  the  association  be  in  Manchester,  and 
be  superintended  by  a  secretary,  who,  with  an  assistant,  shall 
have  the  custody  of  all  documents  and  books  belonging  to  the 
association,  conduct  the  correspondence,  record  the  proceedings, 
and  receive,  classify,  and  enter  all  reports  and  information  for 
reference. 

12.  That  the  duty   of  visiting   and   inspecting  the  steam- 
engines,  boilers,  and  furnaces  of  the  members  be  discharged  by 
a  competent  engineer,  to  be  appointed  as  chief  inspector,  and 
one  resident  sub-inspector  in  each  district,  to  act  under  the 
orders  and  supervision  of  the  chief  inspector. 

13.  That  the  sub-inspectors  be  elected  or  approved  by  a 
majority  of  the  members  in  the  districts  to  which  they  are 
appointed. 

14.  That  the  duty  of  the  sub-inspectors  be  to  visit  perio- 
dically the  steam  department  in    the  establishments   of   the 
members  in  their  respective  districts,  to  examine  the  steam- 
boilers'  safety-valves,  feed  apparatus,  and  other  parts  on  which 
safety  depends,  and  with  the  permission  of  the  proprietors  to 
indicate  the  steam-engines,  note  the  duty  performed,  the  steam 
pressure,  and  the  fuel  consumed,  and  to  report  the  information 
obtained  in  writing,  according  to  certain  prescribed  forms,  to 
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the  chief  inspector,  with  such  observations  as  each  inspection 
calls  for. 

l.j.  That  the  chief  inspector  visit  periodically  the  works  of 
the  members  in  each  district  in  succession,  and,  in  conjunction 
with  the  sub-inspector,  examine  the  boilers  and  furnaces  and 
all  apparatus  pertaining  thereto,  and  call  attention  to  such  points 
as  are  susceptible  of  improvement. 

16.  That  the  chief  inspector  attend  on  the  special  summons 
in  writing  of  any  member  to  test  the  strength  of  boilers,  the 
loading  of  safety-valves,  and  the  pressure  of  steam,  or  other 
special  duties,  for  which  service  an  extra  charge  shall  be  made 
to  such  member,  according  to  a  scale  fixed  by  the  committee. 

17.  That,  in  all  cases  of  inspection,  as  also  when  the  inspector 
has  been  summoned  to  test  a  boiler,  or  for  other  special  purpose, 
he  is  to  send  to  the  secretary  within  forty-eight  hours  a  written 
report  of  his  visit,  specifying  the  facts  and  the  results  of  t In- 
case, which  report  the  secretary  is  to  inscribe  in  the  record  of 
the  inspector's  proceedings,  and  send  a  copy  forthwith  to 
firm  reported  on. 

18.  That  every  member  have  free  access  to  the  results  re- 
corded in  the  office  of  the  secretary ;  but  in  all  books  and  re- 
ports open  to  the  inspection  of  the  members,  each  firm  shall  be 
designated  by  a  number,  and  the  names  of  firms  shall  only  be 
given  with  their  consent. 

19.  That,  unless  prohibited  by  the  owners,  the  chief  and  sub- 
inspectors  shall,  at  all   reasonable  times,  have  access  to  tin- 
steam-boilers  of  the  members,  and  to  all  apparatus  cornier 
therewith  on  which  safety  depends. 

20.  That  it  shall  be  the  duty  of  the  chief  inspector  to  give  t«» 
the  members  every  information  and  all  useful  facts  which  his  ex- 
perience and  knowledge  of  results  supply  in  respect  to  the  vari- 
ous forms  and  construction  of  steam-engines,  boilers  and  furnaces, 
and  all  apparatus  appertaining  to  them,  so  as  to  guide  the  mem- 
bers to  the  safest  and  most  economical  means  of  raising  and  using 
steam.     Bat  it  is  not  intended  that  the  inspectors,  either  in 
testing  boilers  or  other  apparatus,  or  in  communicating  informa- 
tion, or  advising  in  respect  to  any  matter  or  thing  in  the  discharge 
of  their  duties,  shall  take  upon  themselves  any  responsibility  to 
supersede  in  any  degree  that  of  the  members  or  their  servants. 
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21.  That  the  responsibility  of  the  committee  be  limited  to 
the  duty  of  selecting  the  most  trusty  and  experienced  officers 
they  can  find,  or  whose  services  they  can  obtain,  and  to  provide 
for  reference  a  faithful  record  of  all  important  facts  and  results 
obtained  in  the  course  of  inspection,  such  results  to  be  given 
in  a  condensed  and  tabulated  form  in  a  yearly  report  of  the 
proceedings  to  the  general  meeting. 

22.  That  parties  residing  at  a  distance  out  of  the  sphere  of 
the  operations  of  the  association  be  admitted  corresponding 
members,  and  be  entitled  to  copies  of  all  the  reports  and  state- 
ments printed,  and  have  access  to  all  the  documents  prepared 
for  reference  by  the  members  within  the  circuit,  on  payment 
of  a  yearly  subscription  of  £2. 


APPENDIX  V. 

Report  by  WILLIAM  FAIRBAIKN,  Civil  Engineer,  Manchester ; 
JAMES  LESLIE,  Civil  Engineer,  Edinburgh;  and  ROBERT 
JOHNSTON,  Erich-Builder,  Glasgow ;  to  the  Dean  of  Guild 
Court  of  Glasgow. 

MY  LORD  AND  GENTLEMEN, 

In  pursuance  of  your  remit  to  us  of  date  the  second  day  of 
March  last,  in  the  action  depending  before  you,  at  the  instance 
of  the  Procurator  Fiscal  of  Court,  Pursuer,  against  Messrs. 
Charles  Todd  and  Higginbotham,  Defenders,  we  have  visited 
and  carefully  inspected  the  Defenders'  premises  in  Commercial 
Road,  Hutchesontown,  of  Glasgow,  and  investigated  and  con- 
sidered the  whole  matter  remitted  to  us,  and  have  now  to 
report  to  you  the  result  of  our  deliberations.  This  we  propose 
to  do  by  describing  (1st),  the  state  of  the  Defenders'  premises, 
with  reference  to  the  subject  of  our  investigation  as  we  found 
them  on  examination ;  and  (2nd),  the  remedies  and  directions 
we  have  to  suggest  for  removing  or  abating  the  nuisance  of 
smoke,  complained  of  as  arising  from  the  Defenders'  Works. 

A  A 
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I.  —  State  of  Premises. 

The  Cotton  Maufactory,  of  which  the  Defenders  are  the 
occupiers,  is  situated  in  Commercial  Road,  Hutchesontown,  in 
the  town  of  Glasgow.  It  contains  500  power-looms,  and  ist 
worked  by  a  condensing  steam-engine  of  25  nominal  horso 
power.  The  cylinder  is  28J  inches  diameter,  5  feet  stroke, 
and  makes  36  strokes  per  minute.  It  is  supplied  with  Bi 
from  four  boilers  and  four  furnaces  of  the  following  dimensions, 
namely :  — 

BOILERS.  FURNACES. 

LENGTH.          DIAMETER.          LENGTH.     BREADTH. 

ft.  in.  ft.     in.  ft.     in.         ft.    in. 

No.  1.           16  0  70  46x40 

No.  2.           19  0  60  60x46 

No.  3.           16  0  50  40x36 

No.  4.           20  0  60  50x46 

All  these  boilers  are  of  the  same  (cylindrical)  construction, 
with  flat  ends,  with  the  exception  of  No.  2,  which  has  a  centre 
flue. 

The  furnaces  are  placed  immediately  under  the  boilers,  as 
shown  in  a  sketch  which  we  submitted  (No.  1),  and  the  flame 
travels  the  length  of  the  boilers  three  times  along  the  bottom 
and  two  side  flues,  before  it  enters  the  chimney. 

By  this  arrangement,  the  heated  currents  or  carbonaceous 
matter  passes  from  the  furnace  along  the  bottom  to  the  extreme 
end  of  the  boiler,  where  it  ascends  into  the  side  flue  A;  it  is 
then  conducted  along  the  side  and  across  the  flat  end  in  front 
into  the  flue  B,  whence  it  escapes  into  the  chimney. 

By  this  process  it  will  be  observed  that  the  gaseous  products 
of  the  furnace  make  a  circuit  of  three  lengths  of  the  boiler 
before  they  finally  arrive  at  the  main  flue  that  conducts  to 
chimney. 

Thri-r  of  the  boilers,  Nos.  1,  3,  and  4,  are  built  or  pla< 

manner ;  but  No.  2,  having  a  centre  flue,  requires  a  dif- 
nt  construction.     In  this  boiler  the  flame  passes,  as  bcl 
along  the  bottom  ;  it  then  rises  into  the  «( in  re  flue,  and  arn\ 
at  the  front  end  separates  into  two  distinct  columns,  and  tin 
passes  onwards  to  the  chimney.     This  boiler,  from  its  enlarged 
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heating  surface,  is  a  superior  generator  of  steam  to  those  con- 
structed without  internal  flues,  but  defective  when  compared 
with  others  of  more  modern  construction.  The  whole  four 
boilers  are  in  use  for  raising  steam  to  supply  the  engine,  ex- 
cepting only  a  small  portion,  probably  about  one-sixth,  which 
is  taken  to  boil  and  prepare  size  for  the  looms. 

The  consumption  of  fuel,  when  compared  with  the  power  of 
the  engine,  is  very  considerable  ;  and  contrasting  it  with  other 
establishments,  it  appears  that  nearly  one-half  is  wasted,  pass- 
ing either  into  the  ash-pit  or  the  atmosphere  unconsumed. 

In  attempting  to  estimate  the  quantity  of  coal  used  by  this 
engine,  unfortunately  we  have  no  indicator  diagrams  to  guide 
us,  either  as  regards  the  vacuum  or  its  general  working  con- 
dition. But  assuming  the  velocity  of  the  piston  to  be  360  feet 
per  minute,  and  the  pressure  of  steam  15  Ibs.  on  the  square  inch, 
a  force  of  not  less  than  75  horse  would  be  the  result.  The 
horse-power  in  this  case  is  taken  at  33,000  Ibs.,  raised  one  foot 
high  in  a  minute. 

Comparing  this  with  the  quantity  of  coal  consumed,  40  tons 
per  week,  we  find  the  enormous  expenditure  of  19|  Ibs.  of  coal 
per  horse-power  per  hour,  and  that  calculated  at  75  horse,  the 
assumed  power  given  out  by  the  engine. 

In  a  well-constructed  condensing  engine  of  this  kind,  the 
consumption  of  coal  should  not  exceed  10  Ibs.  per  horse-power 
per  hour,  including  that  used  for  boiling,  preparing  size,  and 
heating  the  mill. 

In  our  best-constructed  engines  working  expansively,  the 
consumption  does  not  exceed  4  Ibs.  per  horse-power  per  hour, 
and  when  carefully  and  well-managed,  is  reduced  as  low  as  3£ 
to  3£  Ibs. 

We  have  stated  these  facts  to  show  how  great  and  unneces- 
sary a  waste  is  going  on  in  this  comparatively  small  establish- 
ment, and  probably  in  many  others  of  the  same  description  in 
the  city  of  Glasgow.  A  wasteful  expenditure  of  this  kind  is 
invariably  accompanied  by  its  attendant  evil  —  smoke. 

Taking  into  consideration  the  heavy  load  the  steam-engine 
has  had  to  overcome,  and  the  defective  state  of  the  boilers,  we 
were  not  surprised  at  the  quantity  of  fuel  consumed,  and  the 
annoyance  these  works  must  have  caused  to  the  neighbourhood. 
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It  is  our  opinion  that  these  defects  may  be  remedied,  and  for 
this  purpose  we  respectfully  submit  the  following  suggestions 
and  directions:  — 

II.  —  Remedies  and  Directions. 

There  are  innumerable  schemes  and  patents  at  present  in 
operation  for  the  consumption  of  smoke; — Moving  Grate  Bars, 
Juke's  Patent,  Witty's  Universal  Smoke  Consuming  Apparatus, 
and  a  hundred  others.  Wishing,  however,  to  avoid  all  com- 
plexity and  unnecessary  expense  in  construction,  we  are  of 
opinion  that  the  object  may  be  effected  in  one  of  three  ways ; 
namely,  1st,  by  a  common  circular  boiler  of  sufficient  power ; 
2nd,  by  the  introduction  of  the  double  flue  and  double  furnace 
boiler,  with  alternate  firings,  which  is  probably  a  more  econo- 
mical plan  than  the  preceding  ;  or  3rd,  by  the  introduction  of 
one  of  the  multitubular  boilers,  24  feet  long,  7  feet  diameter, 
with  double  furnaces,  mixing  chamber,  and  about  110  to  120 
3-inch  tubes  (as  shown  in  sketch  which  we  submitted,  No.  2), 
which  is  the  best  and  most  approved  plan. 

In  the  above  construction  of  boiler,  A  is  the  furnace  shown  . 
double  at  B,  B,  in  the  section  ;  C  is  the  mixing  chamber  where 
the  gases  passing  from  both  flues  are  united  ;  a,  a  are  vertical 
tubes,  of  which  there  are  three  of  about  12  inches  diameter, 
made  conical,  and  intended  as  stays  for  that  part  where  the 
two  flues  pass  into  one,  forming  an  ellipse  at  one  end  and  a 
circle  at  the  other.  These  tubular  stays  not  only  strengthen 
and  retain  the  ellipse  in  form,  but  they  answer  the  double  pur- 
pose of  powerful  generators,  as  the  heated  currents  imp; 
against  them  in  their  passage  from  the  furnace  to  the  mixing 
chamber,  and  to  the  tubes  D,  where  the  remaining  portion  of 
the  heat  is  absorbed. 

With  this  description  of  boiler,  assuming  the  engine  to  be  in 
good  working  condition,  and  that  proper  attention  is  paid  to 
management  of  the  furnace,  the  emission  of  great  volumes  of 
smoke  may  be  greatly  mitigated,  if  not  entirely  prc-v.-Tit.-.l.  and 
that  by  a  few  simple  rules  very  easy  of  application.  These 
rules  will  be  found  at  the  end  of  the  Report. 

Boilers  thu*  constructed  are  calculated,  from  the  large  ab- 
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sorbing  surfaces  which  they  contain,  to  be  excellent  generators 
of  steam.  They  require  no  brick  flues,  and  one  boiler  of  this 
kind  will  raise  as  much,  if  not  more,  steam  than  the  whole 
four  put  together,  and  now  at  work  at  the  Defenders'  mill. 

We  may  also  state,  that  we  consider  that  two  boilers  of 
this  description  would  effect  a  still  greater  saving  by  adopt- 
ing the  system  of  slow  combustion  as  used  in  Cornwall,  and  by 
these  means  ensure  not  only  the  abatement  of  the  nuisance, 
but  a  still  further  economy  in  the  consumption  of  fuel ;  and 
further,  that  if  the  working  parts  of  the  Defenders*  engines 
were  strengthened  to  a  force  of  resistance  equal  to  20  or  25  Ibs. 
on  the  square  inch,  and  the  steam  cut  off  at  one -third  of  the 
stroke,  the  same  power  could  be  applied  with  an  additional 
saving  of  one-half,  if  not  three-fourths,  of  the  fuel  now  con- 
sumed. 

To  abate  the  nuisance  of  smoke,  and  to  effect  a  more  general 
system  of  improvement  in  the  process  of  working  engines  and 
raising  steam,  it  is  essential  to  use  every  means  to  prevent  the 
escape  of  heat :  that  the  recipient  surface  of  the  boiler  should 
be  of  such  extent  as  would  absorb  the  whole  of  the  heat  as  it 
passes  from  the  furnace  to  the  chimney,  excepting  only  as 
much  as  may  be  required  to  maintain  the  draught :  that  the 
boiler  thus  constructed  should  be  carefully  covered  with  felt, 
or  some  other  non-conducting  substance,  to  prevent  the  radia- 
tion of  heat :  that  the  water  for  feeding  should  be  raised  to  the 
boiling-point  before  it  enters  the  boiler  (and  this  may  be  done 
by  enlarging  the  surface  of  the  conducting  feed-pipes,  and  sur- 
rounding them  by  the  heated  currents  as  they  pass  from  the 
boiler  to  the  chimney)  ;  and,  finally,  that  the  steam-pipes,  cy- 
linder, and  all  those  parts  communicating  with  the  boiler  to 
the  condenser,  be  carefully  clothed  in  the  same  way  as  the 
boiler  itself,  and  that  every  care  be  taken  to  retain  the  heat 
and  prevent  its  escape. 

These  precautions  being  taken,  we  beg  now  to  refer  to  the 
Rules  for  the  proper  management  of  the  furnaces  of  steam 
boilers,  which  we  have  reason  to  believe,  if  properly  applied, 
will  prove  beneficial  to  the  proprietors  of  works,  and  acceptable 
to  the  public. 

We  would  further  respectfully  submit  the  following  remarks 
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and  suggestions  relative  to  the  management  necessary  to  be 
generally  observed  in  working  the  furnace,  and  the  principle 
upon  which  that  duty  should  be  effected,  and  which  we  li 
added  to  our  Report  by  way  of  Appendix  : — 

General  Remarks  given  as  an  Appendix  with  the  foregoing 
Report. 

The  steam-engine,  taken  as  a  machine,  has  much  to  do  with 
the  economy  of  fuel,  either  as  regards  the  amount  of  force 
applied,  or  the  savings  to  be  effected  in  the  consumption  of 
coal. 

The  steam-engine,  as  left  by  Mr.  Watt,  was  a  perfect  ma- 
chine, as  far  as  regards  the  principle  on  which  its  erection  was 
founded,  and  in  this  respect  it  has  undergone  no  change.  It 
has,  however,  been  greatly  improved  in  its  parts,  and  by  the 
introduction  of  malleable  iron,  improved  tools,  and  increased 
strength  in  its  organic  construction,  we  are  now  enabled  to 
apply  steam  of  great  force,  and  that,  united  to  the  principle  of 
condensation  and  expansive  action,  has  rendered  the  steam- 
engine  an  agent  of  motive  power  that  may  be  carried  to  almost 
an  unlimited  extent.  In  fact,  the  measure  of  its  force  is  alone 
calculated  by  the  security  of  its  application  ;  and  as  that  secu- 
rity almost  entirely  depends  upon  the  boiler,  that  important 
adjunct  requires  our  special  attention  both  as  regards  manage- 
ment and  construction. 

When  the  steam-engine  was  first  constructed,  3  to  3J  Ibs. 
pressure  upon  the  square  inch  was  all  that  could  be  ventn 
upon ;  progressively  it  got  up  to  7,  8,  and  10  Ibs.,  and  nou 
i:i-t.  and  most  economical  are  worked  at  30  Ibs.  on  tli 
inch.     In  locomotive  and  non-condensing  engines,  B! 
worked  with  perfect  safety  at  a  pressure  varying  from  50  to 
150  Ibs. 

In  Cornwall,  where  fuel  is  more  expensive  than  at  Gin 
and  most  other  places,  even  where  coal  is  abundant,  it  becomes 
a  question  of  deep  importance  to  the  different  mining  com- 
panies that  the  greatest  economy  should  be  observed  in 
combustion  of  coal;  and  such  is  the  feeling  on  this  ratg 
that  the  captain  of  the  mines  no  sooner  observes  smoke  issuing 
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from  the  chimney,  than  ho  at  once  accuses  the  engineer  of 
wasting  coal,  and  unless  the  outlet  of  the  chimney  is  immediately 
rendered  transparent,  a  reprimand  or  probably  a  small  fine, 
with  the  disgrace  of  mismanagement,  is  the  result. 

Slow  combustion  is  in  most  cases  preferred  in  Cornwall,  and 
it  frequently  happens,  that  the  furnace  when  charged  in  the 
morning  is  not  again  touched  till  noon,  when  the  fire  is  cleaned 
and  recharged  with  quantities  sufficient  to  last  the  same  time 
as  before.  In  this  way  the  fire  is  never  disturbed  for  several 
consecutive  hours,  and  on  looking  into  the  furnace  there  is  a 
slow  smouldering  fire  which  consumes  every  particle  of  coal, 
and  maintains  the  full  pressure  of  steam  up  to  30  and  40  Ibs. 
on  the  square  inch.  To  fire  in  this  manner,  and  to  maintain 
the  steam  at  the  required  pressure,  two  essentials  are  requisite, 
namely,  plenty  of  boiler  surface  and  warm  clothing  to  prevent 
the  escape  of  heat.  In  other  parts  of  Cornwall,  the  system  of 
slow  combustion  is  not  carried  to  the  same  extent,  as  many  of 
them  fire  their  furnaces  once  an  hour,  but  with  the  same  suc- 
cess as  regards  the  emission  of  smoke ;  and  it  is  no  uncommon 
occurrence  to  witness  a  dozen  chimneys  of  great  power  and 
dimensions,  carefully  whitewashed,  with  an  atmosphere  above 
them  as  clear  and  transparent  as  if  the  fires  below  did  not 
exist. 

Such  is  the  practice  in  Cornwall ;  and  if  this  can  be  done  by 
good  management  and  careful  attention  in  that  district,  why  is 
it  not  accomplished  in  others  equally  well  prepared  for  its  re- 
ception ?  This  question  naturally  suggests  itself  to  every 
person  who  witnesses  the  repulsive  dark  atmosphere  which 
hovers  over  the  seats  of  our  manufactures. 

Cornwall,  from  the  almost  total  absence  of  smoke,  is  a  lead- 
ing example  to  most  other  parts  of  the  kingdom  where  steam- 
engines  are  employed,  and  extensive  works  carried  on ;  it 
would,  however,  be  unjust  to  say  that  attempts  have  not  been 
made  to  remedy  the  evil  of  smoky  chimneys,  so  justly  com- 
plained of  in  other  counties ;  on  the  contrary,  we  believe  that 
great  efforts  have  been  made  in  various  directions  to  remedy 
the  evil :  but,  looking  at  the  nature  of  the  works,  and  the 
many  fruitless  attempts  to  accomplish  a  gre'at  deal  in  a  small 
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space ;  and,  judging  from  experience,  we  are  led  to  the  con- 
clusion that  all  attempts  at  a  radical  cure  will  be  unavailing 
so  long  as  a  determination  exists  to  work  steam-engines  with 
boilers  of  limited  capacity.  Our  attempts  have  been  hitherto 
to  save  fuel,  and  effect  perfect  combustion  under  boilers  of 
capacity  insufficient  to  raise  and  maintain  the  required  pressure 
of  steam  without  forcing  the  fire.  Now,  it  should  be  distinctly 
understood,  that  it  is  next  to  impossible  to  burn  smoke,  or 
effect  perfect  combustion,  when  the  fires  have  to  be  forced. 
We  might  as  soon  expect  to  work  a  factory,  or  propel  a  steam- 
ship, at  high  velocities,  by  the  wind,  as  supply  an  engine  from 
a  boiler  of  limited  dimensions  without  producing  smoke. 

In  fact,  the  whole  secret  of  economy  in  combustion,  and  the 
absence  of  smoke,  is  plenty  of  boiler  space  ;  and  that  considera- 
tion should  never  be  lost  sight  of  in  our  attempts  at  improve- 
ments in  that  direction. 

Numerous  attempts  have  been  made  to  abate  the  nuisance 
of  smoke  by  the  admission  of  air  through  the  fire-doors,  under 
the  bars,  and  behind  the  bridge.  These  have  been  more  or 
less  successful  as  the  boilers  have  been  of  enlarged  or  limited 
capacity.  Nothing  has,  however,  been  done  to  justify  an  ad- 
hesion to  any  particular  plan ;  nor  has  any  particular  project 
attained  such  a  preference  in  public  estimation  as  to  induce  its 
general  application. 

Mr.  C.  Wye  Williams  has  laboured  incessantly,  and  in  some 
cases  successfully,  to  remedy  the  evil ;  and  on  board  of  some 
of  the  City  of  Dublin  Steam  Navigation  Company's  vessels,  he 
has  proved,  by  experiment  and  continued  practice,  that  even  on 
board  ship,  when-  the  boiler  space  is  necessarily  limited,  much 
can  be  done  to  abate  the  nuisance,  and  that  with  a  considerable 
saving  of  fti«  1. 

It  is  stated  as  the  result  of  considerable  experience,  "  that  it 
was  a  matter  of  perfect  indifference  in  what  part  of  a  fun 
or  flue  the  air  was  introduced  provided  this  all-important  con- 
dition was  attended  to  and  satisfied, — namely,  the  effecting 
mixture  of  the  air  and  the  gas  before  tin-  t< •mpi-rature  of 
latter  was  reduced  below  that  of  accension  or  kindling.     Thi.-. 
according  to  Sir  llumphry  Davy,  should  not  be  under  800° 
Fahrrnh'-it,  as  ignition  could  not  take  place  at  a  lower  tcm- 
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perature,  that  fact  being  the  principle  of  safety  in  the  miner's 
lamp. 

"  Previously  to  the  introduction  of  the  tubular  in  place  of 
the  flue  system  in  marine  boilers,  it  had  been  supposed  that  the 
introduction  of  the  air  on  the  Argand  principle  by  a  per- 
forated plate  behind  the  bridge,  satisfied  all  that  nature  re- 
quired in  producing  perfect  combustion.  The  tubular  form 
of  boiler,  however,  rendered  a  different  arrangement  absolutely 
necessary.  This  was  occasioned  by  the  run  or  distance  be- 
tween the  bridge  and  the  tubes  being  so  very  short,  and  con- 
sequently the  passing  along  that  distance  being  so  limited  in 
time,  that  the  mixing  and  combustion  could  not  be  adequately 
effected.  This,  after  numerous  trials  and  expedients,  led  to 
placing  the  orifices  of  admission  in  the  front,  or  at  the  door- 
way end  of  the  furnace.  The  system  adopted  by  boiler-makers 
of  contracting  the  door-ways  of  marine  boilers,  much  impeded 
a  successful  application  of  the  Argand  principle.  The  enlarg- 
ing the  door-way  opening,  as  shown  in  the  models,  however, 
afforded  sufficient  space  for  the  required  number  of  ^  or  J  inch 
orifices.  By  this  the  length  of  the  /urnace  from  the  door  to 
the  bridge  was  thus,  as  it  were,  added  to  the  length  of  the  run. 
By  this  mode  of  construction,  the  Argand  principle  had  been 
applied  with  great  success  to  marine  boilers. 

"  The  next  point  considered  was  as  to  the  quantity  or  gross 
volume  of  air  required,  and  the  area  of  aperture  necessary  for 
its  introduction.  On  this  head  it  was  stated,  that  a  great 
practical  error  had  been  frequently  committed,  as  it  had  been 
-tated,  that  it  would  suffice  if  the  aperture  should  be  equal  to 
1  \  square  inch  for  each  square  foot  of  fire  surface  in  the  fur- 
nace, in  the  case  of  single  furnaces  ;  and  of  but  half  a  square 
inch  or  0*5  inch  for  each  square  foot  of  grate-bar  surface  in 
the  case  of  double-furnaced  boilers." 

Mr.  Williams  further  states,  in  reference  to  a  skilful  fireman, 
that  the  only  duty  that  should  be  required  from  him,  is,  "  that 
he  should  keep  the  grate  bars  fully  and  uniformly  covered,  for 
if  the  back  end  or  sides  of  a  furnace  were  left  uncovered,  the 
air  would  pass  through  them  instead  of  passing  through  the 
air  distributors,  as  that  passage  offered  the  hottest  and  shortest 
route  to  the  chimney."  In  this  opinion  we  perfectly  concur,  as, 
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unless  the  bars  are  covered,  it  is  sure  to  cool  down  the  tem- 
perature and  occasion  great  waste  of  fuel. 

In  a  private  communication  with  one  of  the  reporters,  Mr. 
Williams  contends  for  the  use  of  his  air-diffusion  plates  behind 
the  bridge  on  the  principle  of  the  Argand  burner ;  but  there  is 
this  difficulty,  that  the  very  evil  we  are  anxious  to  avoid,  is  to 
some  degree  aggravated  by  an  excess  of  air,  or,  as  he  himself 
calls  it,  "  an  overflooding,"  which  should  be  carefully  avoided 
if  we  are  to  economise  fuel  by  the  same  process  that  we  get  rid 
of  the  smoke.  Mr.  Williams  very  properly  observes,  that  we 
must  keep  in  view  that  the  gas  of  a  ton  of  coal  requires, 

in  cubic  feet 100,000 

and  the  solid  part,  or  carbon      .         .         .     200,000 

A  total  of        .         .     300,000 

cubic  feet  of  hydrogen  and  oxygen  for  the  combustion  of  one 
ton  of  coal.  These  are  facts  which  have  been  determined  by 
Mr.  Williams  experimentally,  aud  the  public  are  greatly  in- 
debted to  that  gentleman  for  the  able  manner  in  which  he 
treats  his  subject,  and  the  great  amount  of  intelligence  which 
he  has  brought  to  bear  upon  the  principle  as  well  as  practice 
of  obtaining  a  better  system  of  management,  and  in  following 
up  a  more  correct  principle  of  combustion. 

From  Mr.  Williams'  statement  given  above,  and  from  the 
various  projects  adopted  by  others  for  the  attainment  of  tin- 
same  objects,  it  appears  to  be  the  general  opinion  that  the  ad- 
mission and  diffusion  of  air  behind,  or  through  the  bridge 
(marine  boilers  only  excepted),  is  the  only  feasible  means  of 
preventing  the  generation  or  emission  of  smoke.  This  is  cer- 
tainly an  effectual  remedy  as  far  as  it  goes,  but  injurious  as 
regards  the  economy  of  fuel,  and  that  for  the  following  rea- 
sons:—namely,  that  an  aperture  for  the  admission  of  an 
increased  quantity  of  oxygen  required  to  assist  combustion 
after  the  furnace  is  charged  is  not  wanted,  when  the  coal  has 
lx en  deprived  of  its  bitumen  ;  after  that  period,  win  n  the 
furnace  becomes  bright,  a  smaller  quantity  is  required,  and  any 
excess  beyond  what  is  necessary  to  combine  with  the  p. 
accelerates  combustion,  cools  down  the  furnace,  and  increases 
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the  quantity  of  fuel  consumed.  Now,  in  situations  where  the 
boilers  are  in  excess  of  the  power,  these  apertures  are  not  re- 
quired, as  the  Cornish  system  of  slow  combustion  clearly 
demonstrates,  whilst,  at  the  same  time,  it  teaches  how  that  pro- 
cess may  be  adopted,  and  that  with  the  same  success  as  exists 
in  that  district.  At  other  times  where  the  boiler  space  is 
limited,  the  introduction  of  the  air-diffusion  principle  will 
greatly  mitigate  the  evil,  but  it  will  not,  in  our  opinion,  effect 
the  same  satisfactory  remedy  as  may  be  obtained  by  enlarging 
the  power  of  the  boilers. 

In  cases  where  the  owners  of  furnaces  have  to  force  the 
fires,  and  are  limited  beyond  the  power  of  enlarging  their 
boilers,  we  should  then  recommend  for  adoption  the  multi- 
tubular  system,  which  effects  in  a  small  space  what  would 
otherwise  be  required  by  increasing  the  number  of,  or  dimen- 
sions of,  those  of  the  common  construction.  This  tubular  sys- 
tem is  always  effective,  provided  sufficient  surface  is  given  to 
absorb  the  heat  as  it  passes  from  the  furnace.  In  marine  and 
stationary  boilers  16  to  18  square  feet  have  been  considered 
sufficient  for  every  nominal  horse-power  of  the  engine,  but  it  is 
safer  and  better  to  take  24  square  feet,  provided  a  saving  of 
fuel,  accompanied  by  the  absence  of  smoke,  is  to  be  effected. 
With  that  measure  of  heating  surface  much  may  be  done  ;  but 
it  will  be  found  still  far  from  perfect,  unless  care  and  constant 
attention  be  paid  to  the  management  of  the  furnace. 

In  this  respect  a  good  system  of  management  becomes  indis- 
pensable, and  although  firing  machines  have  been  adopted,  with 
numerous  ingenious  devices  for  regulating  the  time  of  firing, 
and  other  projects  for  accomplishing  the  same  object  by  the 
diminution  and  pressure  of  the  steam,  yet  we  have  never  found 
these  self-acting  machines  answer  the  purpose  so  well  as  the 
human  hand.  The  management  of  the  furnace  appears  to  be  a 
separate  system,  which  may  be  learned  by  attention  to  a  few 
simple  rules,  so  as  to  give  perfect  satisfaction. 

In  these  statements  we  have  endeavoured  to  lay  before  the 
authorities  such  information  as  appears  to  us  calculated  to  abate 
the  nuisance  of  smoke,  and  purify  the  black  dense  atmosphere 
which  hangs  over  the  city  of  Glasgow.  That  these  dark  and 
gloomy  vapours  can  be  prevented  from  ascending,  we  entertain 
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no  doubts  ;  and  after  the  observations  we  have  considered  it  our 
duty  to  make,  and  which  apply  with  equal  force  toother  manu- 
facturing towns,  it  rests  with  the  public  authorities  of  the  city 
to  enforce,  mitigate,  or  improve  these  practical  recommen- 
dations. 

W.  FAIRBAIRN. 
JAMES  LESLH 
ROBERT  JOHNSTON. 


In  the  Dean  of  Guild  Court  of  Glasgow. 

Further  Report  by  WILLIAM  FAIRBAIRN,  JAMES  LESLIE,  and 
ROBERT  JOHNSTON,  in  the  Case  at  the  instance  of  the  Pro- 
curator Fiscal  of  Court  against  Messrs.  CHARLES  TODD  and 

HlGGlNBOTHAM. 

MY  LOUD  AND  GENTLEMEN, — In  obedience  to  the  further 
remit  of  Court  of  date  the  fifth  day  of  October  last,  we  1 
again  visited  and  carefully  inspected  the  Defenders'  premises, 
and  have  now  to  report,  that  we  have  seen  no  cause  to  alter  in 
any  respect  our  former  Report,  which  we  therefore  adhere  to  and 
confirm.  In  that  Report  we  described  accurately  the  state  of 
the.  Defenders'  Works  as  we  found  them,  showing  that  a  great 
and  unnecessary  waste  of  fuel  was  there  going  on,  and  that  a 
wasteful  expenditure  of  that  kind  was  invariably  accompanied 
by  its  attendant  evil — smoke.  We  then  pointed  out  how  this 
state  of  things  might  be  remedied,  and  the  consumption  of  smoke 
ted.  This  object,  we  stated,  might  be  attained  in  one  of 
three  ways,  namely  : — (1)  by  a  common  circular  boiler  of  suffi- 
cient power ;  (2)  by  the  introduction  of  the  double  flue  ami 
double  furnace  boiler  with  alternate  firings,  which,  we  st:r 
was  probably  a  more  economical  plan  than  the  preceding  ;  or 
(3),  by  the  ini reduction  of  one  of  the  multitubular  boilers  24 
i  (liamrtrr,  with  double  furnaces,  mixing  chamber, 
about  110  to  120  three-inch  tubes,  as  shown  on  a  sketch 
which  we  submitted  (No.  2) ;  this  we  distinctly  added,  IK 
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in  our  opinion  the  best  and  most  approved  plan.  In  addition 
to  this,  we  gave  rules  to  bo  observed  in  the  management  of  the 
furnace.  Remaining  of  the  same  opinion,  after  inspection  and 
deliberation,  we  cannot  suggest  any  other  remedies. 

We  observed,  on  our  second  visit,  that  the  Defenders  had,  to 
some  extent,  complied  with  the  instructions  in  our  former 
Report,  and  thereby  effected  a  considerable  improvement ;  but 
there  is  yet  much  to  be  done  to  lessen  the  emission  of  smoke 
from  their  chimney ;  and  we  do  not  think,  therefore,  that  their 
partial  compliance  with  our  instructions  ought  to  be  accepted, 
as  satisfying  the  requirements  of  the  statute  referred  to  in  the 
remit  to  us.  At  any  rate,  we  hold  it  not  to  be  in  our  province 
to  recommend  anything  short  of  the  best  and  most  approved 
plan  known  at  the  time,  as  we  have  done;  and  that  if  any 
other  plan  is  to  be  adopted,  this  must  be  matter  of  arrangement 
betwixt  the  parties,  with  which,  we  presume,  we  have  no  power 
to  interfere. 

All  which  is  respectfully  reported  by 

W.  FATRBAIRN. 

JAMES  LESLIE. 

ROBERT  JOHNSTON. 
1st  March,  1855. 
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Experiments  on  the  Iron  Targets  at  the  Arsenal,  Woolwich. 

The  following  experiments  were  undertaken  to  determine  the 
effect  of  shot  upon  the  hull  of  an  iron  vessel,  and  also  with 
the  view  of  providing  means  for  stopping  the  passage  of  water 
through  a  shot-hole  near  the  water-line.  The  latter  object  is 
sought  to  be  effected  by  packings  of  various  kinds  fixed  behind 
the  sheathing  plates,  and  which  by  their  elasticity  will  close 
over  the  hole  after  the  passage  of  the  shot  through  them. 
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The  gun  used  in  the  experiments  was  a  32-pounder,  placed 
at  the  distance  of  thirty  yards  from  the  targets,  and  loaded  both 
with  the  full  charge  of  10  Ibs.  of  powder,  and  a  charge  of  2  Ibs., 
to  produce  the  effect  of  a  long  shot.  The  initial  velocity  of  the 
ball  with  the  full  charge  is  about  1800  feet  per  second,  and  of 
2  Ib.  charge  1000  feet.  The  diameter  of  the  shot  is  6 
inches. 

Target  No.  1  is  made  of  three  thicknesses  of  ^-inch  plates, 
riveted  together  by  double  rows  of  rivets,  arranged  in  rectangles 
of  24  in.  x  14  in.  Through  this  only  one  shot  was  fired  with 
the  full  charge,  which  made  a  clean  hole,  with  very  little  tearing 
or  raising  of  the  edges,  and  no  rivet  heads  started  near  the 
hole.  The  three  thicknesses  cut  out  by  the  shot  all  flew  into 
angular  splinters  of  1,  2.  and  3  inches  long,  diverging  from  the 
hole  in  all  directions.  When  the  full  charge  is  used,  no  dis- 
turbance in  the  plate  or  the  rivets  round  the  hole  is  observable. 
This  target  was  not  stiffened  with  angle-irons. 

No  lining  was  placed  behind  this  target. 

Target  No.  2  is  formed  of  single  £-inch  plates,  flush-jointed, 
single-riveted,  with  two  frames  9  inches  deep  attached  by  double 
angle-irons  6  in.  x  3  in.  One  half  of  this  target  is  lined  at  the 
back  with  pure  india-rubber,  and  the  other  half  with  a  mixture 
of  india-rubber  and  cork-dust,  containing  25  per  cent,  of  the 
l:it  tor  by  weight,  12  inches  thick.  These  linings  are  held  to  the 
sheathing  by  1-inch  screw-bolts  with  square  heads  out>i<].  .  ami 
nuts  with  washers  of  -,nc-iiicli  plate  8  inches  square  inside,  the 
plates  (or  washers)  completely  covering  the  elastic  lining.  The 
bolts  are  in  the  centre  of  each  square,  or  8  inches  apart  each 


'I  'I  i  rough  the  india-rubber  and  cork-dust  five  shots  \\«  K 
1,  all  .striking  (as  was  intended)  between  the  bolts.  Two 
with  10  Ib.-charge  made  clean  perforations  through  the  out  or 
shell,  and  passed  through  the  lining  without  shattering  it  much, 
but  knocking  off,  each,  four  or  five  of  the  back  plates  with  pi 
violence,  and  the  splinters  from  the  perforation  in  the  outer 
shell  passing  through  the  lining  also.  The  elastic  lining  closed 
completely  over  the  hole,  so  as  to  exclude  water  thoroughly. 

ral  proportions  of  india-rubber  to  cork-dust  have  1 
tried,  but  this  one  is  found  to  be  the  best.     The  three  other 
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shots  fired  through  this  lining  were  with  the  2  Ib.-charge,  and 
were  purposely  made  to  strike  within  a  circle  of  12  inches' 
diameter,  so  that  the  three  holes  joined  ;  still  the  lining  closed 
over  the  holes  so  as  to  exclude  light  and  to  prevent  the  passage 
of  a  thin  walking-stick  through  it  where  most  shattered,  which 
w:is  considered  very  satisfactory.  Of  course  a  great  many  of 
the  back- plates,  about  eight,  were  torn  off. 

With  the  small  charge  of 'powder  the  sheathing  plate  suffers 
much  more  than  with  the  full  charge,  the  plate  being  con- 
siderably drawn  into  the  hole,  raising  the  edge  inside,  and 
stripping  the  rivet  heads  near  it.  A  shot  was  fired  with  1  ib. 
of  powder,  which  produced  the  same  effect  in  a  greater  degree. 
In  all  cases  the  ball  carries  with  it  a  part  of  the  plate  torn 
from  the  hole,  which  increases  in  size  with  the  strength  of  the 
charge. 

During  the  last  experiment  a  splinter  from  the  target  struck 
a  sentinel  on  duty  at  about  200  yards'  distance,  passing  entirely 
through  the  calf  of  his  leg.  The  piece  was  about  the  size  of  a 
penny,  and  must  have  glanced  from  the  target  at  a  very  obtuse 
angle  to  have  struck  the  man,  who  was  stationed  a  little  before 
the  line  of  the  target. 

A  weak  shot  was  passed  through  the  lining  of  solid  india- 
rubber,  which  perfectly  closed  over  the  hole,  excluding  water 
or  even  air  from  passing,  but  causing  a  great  dislocation  of  the 
plates  at  the  back,  a  great  number  of  which  had  flown  off  from 
the  nuts  breaking  in  consequence  of  the  pressure  thrown  upon 
them  by  the  tenacity  of  the  india-rubber. 

Target  No.  3  is  formed  of  double  half-inch  plates  riveted 
together,  and  no  frames.  Half  is  lined  with  solid  india-rubber, 
not  yet  experimented  with,  8  inches  thick,  and  held  on  by  bolts 
and  square  washers  as  before. 

One  chief  objection  to  india-rubber  as  alining  is  its  expense, 
costing  about  51.  per  cubic  foot.  Also  it  would  be  difficult  to 
confine  it  in  a  warm  climate,  as  it  will  assume  a  kind  of  semi- 
fluid motion  when  acted  on  by  its  own  gravity  (like  sealing- 
wax). 

The  other  half  of  this  target  is  lined  with  a  mixture  of  india- 
rubber  and  cork-dust,  12  inches  thick,  held  on  as  before.  In 
this  case  the  cork-dust  was  in  too  large  a  proportion  to  the 
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india-rubber,  and  consequently  the  hole  formed  by  the  shot  did 
not  close  to  the  same  extent,  and  the  lining  itself  was  very  much 
shattered. 

Target  No.  4  is  formed  by  two  thicknesses  of  half-inch  plates 
with  a  space  of  l^inch  between  them  filled  with  flannel,  flush- 
jointed,  single-riveted,  no  frames.  The  rivets  to  hold  the  flannel 
are  6  inches  square  from  each  other.  This  has  not  yet  been 
experimented  with. 

Target  No.  5  is  formed  of  two  plates  having  a  space  of  10 
inches  between  them,  half  of  this  space  being  filled  in  with 

Fio.  31,  TARGET  No.  2,  6  FEET  SQUABE. 
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felt,  and  half  with   india-rubber  and  cork-dust  introduced  in 
small  pieces  through  hiind-holoscut  in  the  ceiling  plate  be; 
each  frame  (which  are  15  inches  apart).     The  outer  sheathing 
plate  is  £  in.  thick,  and  the  ceiling  -,flff  in. 

The  felt  proved  of  no  use  in  stopping  the  hole,  and  by  its 
pressure  it  tore  away  a  large  part  of  the  ceiling  plute,  about 
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2  square  feet,  where  the  ball  passed  through.  This  large  piece 
was  quite  detached  from  the  plate  in  various  fragments,  which 
seem  to  have  broken  off  quite  short. 

A  similar  effect  was  produced  in  the  ceiling  plate  by  the 
passage  of  the  shot  through  the  lining  of  india-rubber  and 

FIG.  32. 


cork-dust^  and  the  latter,  from  being  introduced  in  small  pieces, 
did  not  close  over  the  hole,  and  was  very  much  displaced. 

Some  of  the  balls  made  from  hot-blast  iron  broke  on  Target 
No.  3.  The  velocity  of  the  ball  makes  but  little  difference  in 
the  state  of  the  lining  after  a  shot. 


APPENDIX  VII. 

Mr.  Clark's  Letter  descriptive  of  the  injuries  sustained  by  the 
"  Vanguard  "  referred  to  in  Lecture  X. 

DEAR  SIR,  —  Agreeably  to  your  instructions,  I  proceeded  to 
Passage  to  survey  the  "  Vanguard  "  steamer  on  the  3rd  inst., 
and  I  herewith  send  you  a  rough  sketch  with  a  view  of  con- 
veying a  better  idea  of  the  position  she  was  in  while  on  the 
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FIGS.  33  AND  34. 


rocks,  as  well  as  the  injuries  she  has  sustained:  these  could 
not  be  well  done  in  letters  without  it. 

Figure  33  is  intended  to  represent  the  position  of  vessel  when 
aground :  her  bottom  appears  as  if  it  had  rested  on  a  number 
of  hard  small  rocks,  from  the  stem  to  the  full  part  of  the  vessel 
just  under  the  paddle-wheel ;  and,  from  that  part  to  the  stern, 
I  have  no  doubt,  was  quite  unsupported  except  where  the  keel 
was  broken  6  feet  from  the  stern-post.  I  was  informed,  that 
while  the  vessel  was  on  the  rocks,  she  beat  very  hard,  and 
there  can  be  no  doubt  of  it,  for  the  bottom  of  the  vessel 
entirely  under  both  the  engines  and  boilers  shows  it.  The 
plates  on  both  sides  of  the  keel  (although  half  an  inch  in 
thickness)  are  bent  upward  between  the  floorings,  and  in 
some  places  the  flooring  is  very  much  bent  and  the  angle- 
iron  is  quite  separated  from  them ;  however,  notwithstanding 
the  damage  done  to  the  bottom,  there  is  only  one  hole  in  it 
produced  by  the  rocks ;  and  what  is  likewise  very  satisfactory, 
the  entire  derangement  is  confined  to  the  hull  and  the  floor- 
ings. Fig.  34  is  a  longitudinal  section  of  the  hull  to  the  top 
of  the  keelsons,  and  which  are  now  as  perfectly  level  at  the 
top,  the  entire  length  of  the  vessel,  as  they  were  the  i 
day,  and  so  arc  all  the  bulkheads  above  the  keelson,  although 
bent,  as  shown  in  drawing,  below  them. 

There  is  one  thing  I  observe  in  the  top  sides,  that  from  the 
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gunwale  down  to  the  blue  lines  all  the  joinings  of  the  plates 
are  what  are  commonly  called  "jump  joints :"  this  is  gene- 
rally done  to  make  smooth  work ;  in  nearly  all  the  upright 
joints  (particularly  abaft  the  engines)  they  have  now  the 
appearance  of  being  wider  at  the  bottom  of  the  joints  than 
at  the  top,  which  in  my  opinion  has  been  produced  by  beating 
on  the  rocks,  and  particularly  from  her  having  no  support 
under  that  part  of  the  vessel.  Lap-joints  would  be  much 
stronger,  and  I  have  no  doubt  the  builders  thought  so ;  as 
all  the  joints  on  the  bottom  under  the  engines  and  boilers  are 
lap-joints. 

In  my  opinion,  there  is  not  a  stronger  instance  on  record 
that  has  afforded  more  convincing  proofs  of  the  superiority  of 
iron  over  wood  than  this  vessel ;  and  although  she  was  beating 
hard  for  so  many  days,  no  part  of  her  engines  was  deranged. 
Her  engines  were  kept  constantly  at  work,  and  in  my  opinion 
are  now  in  as  permanent  working  order  as  they  ever  were.  Had 
the  "Vanguard"  been  built  of  wood  instead  of  iron,  she  could 
not  have  been  saved. 

Your  obedient  Servant, 
(Signed)  JOSEPH  CLARK. 


Note  referring  to  Lecture  1. 

IN  Lecture  I.,  "  On  the  Necessity  of  incorporating  with  the 
Practice  of  the  Mechanical  and  Industrial  Arts  a  Knowledge 
of  Practical  Science,"  I  endeavoured  to  show  how  neglectful 
the  Government  of  this  country  is,  in  comparison  to  that  of 
others,  in  giving  its  support  and  encouragement  to  science  and 
its  contributors. 

That  subject  is  now  under  the  consideration  of  the  British 
Association  for  the  Advancement  of  Science,  and  in  reference 
to  those  deficiencies  on  the  part  of  the  Government,  as  pointed 
out  in  the  Lecture,  I  have  the  satisfaction  to  submit  for  con- 
sideration the  impressions  of  the  Committee,  as  contained  in 
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the  annexed  letter,  addressed  by  Lord  Wrottesley  to  Lord 
Aberdeen,  at  that  time  at  the  head  of  Her  Majesty's  Govern- 
ment. 

The  British  Association,  ever  alive  to  the  interests  of 
science,  has  long  had  it  in  contemplation  to  recommend  to 
the  Government  of  this  country  the  adoption  of  measures 
calculated  to  extend  science,  and  to  improve  the  condition  of 
those  men  who  have  devoted  their  lives  to  its  cultivation. 

For  these  objects  a  Parliamentary  Committee  was  appointed, 
headed  by  the  President  of  the  Royal  Society  ;  and  after  the 
discussion  which  ensued  on  the  replies  received  by  the 
Committee  from  the  most  eminent  cultivators  of  science,  the 
Committee,  at  their  first  meeting,  proposed  the  following  que- 
ries: — 

1st.  How  can  the  knowledge  of  scientific  truths  be  most 
conveniently  and  effectually  extended  ? 

2nd.  What  inducements  should  be  held  out  to  students  to 
acquire  that  knowledge  ;  and,  after  the  period  of  pupilage  has 
expired,  to  extend  it  and  turn  it  to  useful  account  ? 

3rd.  What  arrangements  can  be  made  to  give  the  whole 
body  of  competent  men  of  science  a  due  influence  over  th 
determination  of  practical  questions,  dependent  for  their  cor- 
rect solution  on  an  accurate  knowledge  of  scientific  principles  ? 

The  Committee,  for  the  purposes  of  inquiry,  divided  each 
of  the  three  questions  into  two ;  namely,  with  reference  to 
those  who  resort  to  the  universities  for  education,  and  to  those 
who  do  not.  On  the  first  of  these  questions,  the  Committee 
refer  to  their  report  of  the  meeting  at  Liverpool  last  year. 

In  that  report  it  is  stated,  in  a  letter  from  the  President 
of  the  Royal  Society,  Lord  Wrottesley,  to  Lord  Aberdeen, 
that  — 

"As  Chairman  of  the  Parliamentary  Committee  of  the 
British  Association  appointed  for  watching  over  the  interests 
of  science,  I  have  been  requested  to  address  you  on  a  subject 
of  great  importance  to  those  interests. 

"  Your  Lordship  is  probably  not  aware,  that  soon  after  the 
accession  of  the  late  Government  to  power,  Sir  Robert  Inglis 
:m<l  myself  solicited  and  obtained  an  interview  with  Lord 
Derby,  in  which  we  represented  to  him  that  considerable  dis- 
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satisfaction  prevailed  among  the  cultivators  of  science  gene- 
rally at  the  bad  success  which  had  attended  certain  then  recent 
applications  for  pensions  to  some  eminent  scientific  indivi- 
duals) which  had  been  preferred  by  the  President  of  the  Royal 
Society  ;  and  by  subsequent  investigations  it  was  ascertained 
(and  I  communicated  the  fact  to  Lord  Derby,  by  letter  dated 
April  1852)  that  since  the  accession  of  Her  Majesty,  about 
thirteen  per  cent,  only  of  the  annual  sum  allowed  by  Par- 
liament to  be  granted  for  pensions  to  deserving  persons  had 
fallen  to  the  lot  of  science,  a  result  which  naturally  contributed 
to  increase  that  feeling  of  dissatisfaction  to  which  I  have 
already  adverted. 

"  It  appears  that  a  recent  application  by  Lord  Rosse  of  a 
similar  character  has  been  unsuccessful,  and  that  your  Lord- 
ship, in  declining  to  accede  to  it,  expressed  yourself  as  fol- 
lows:—  'In  order  to  meet  even  a  small  portion  of  the  claims 
preferred  to  me,  I  have  been  compelled  to  require  that  poverty 
should  be  the  attendant  of  merit,  and  that  the  pension  should 
be  as  much  the  relief  of  pecuniary  distress  as  the  acknowledg- 
ment of  intellectual  attainments.'  Lord  Rosse  could  not,  of 
course,  consider  a  letter  from  your  Lordship  on  a  subject  of 
vital  importance  to  science  in  the  character  of  a  private  com- 
munication ;  and  as  that  subject  had  already  been  referred  to 
the  consideration  of  our  Committee,  of  which  he  is  an  influ- 
ential member,  a  copy  of  your  Lordship's  letter  was  laid  be- 
fore it. 

"  Now,  whatever  our  individual  opinions  may  be  on  the 
merits  of  the  particular  case  to  which  I  have  alluded,  I  pur- 
posely abstain  from  stating  them,  in  order  that  the  object  of 
the  present  address  may  not  be  misunderstood,  —  that  object 
being  to  represent  to  your  Lordship,  with  all  that  respect 
which  is  justly  due  both  to  yourself,  and  to  the  high  station^ 
which  you  occupy,  that  the  views  above  expressed  as  to  the 
disposal  of  the  pension  fund,  would  render  absolutely  nugatory, 
so  far  as  science  and  its  cultivators  are  concerned,  all  tho 
benevolent  intentions  which  Parliament  and  the  country  must 
be  supposed  to  have  entertained  in  their  favour,  when  the  pro- 
vision in  question  was  created. 

"That  the  grant  of  a  pension  would  be  an  inappropriate 
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method  of  recompensing  scientific  merit  when  possessed  by 
those  who  may  be  properly  termed  rich,  I  am  disposed  to  deny ; 
but  if  it  were  hereafter  to  be  understood  that  the  receipt  of  a 
pension  from  the  Crown  were  full  as  much  the  indication  of 
absolute  poverty,  as  an  acknowledgment  of  high  intellectual 
attainment,  we  apprehend  that  the  object  of  the  grant  would  be 
hereafter  but  ill  attained. 

"Had  such  a  view  of  the  intention  of  Parliament  been  for- 
mally announced,  the  honoured  names  of  Airy  and  of  Owen, 
of  Hamilton  and  Adams  would  never  have  appeared  on  the 
pension  list ;  and  that  small  encouragement  to  abstract  science 
which  has  hitherto  been  dispensed  by  the  British  Government 
would  virtually  have  been  withdrawn ;  the  bounty  of  Par- 
liament and  the  Crown  would  have  been  looked  upon  in  the 
light  of  alms,  and  men  of  eminence  would  not  have  consented 
to  be  paraded  before  the  public  as  its  needy  recipients.  Con- 
sidering your  Lordship's  known  appreciation  of  the  claims  of 
literature,  and  we  hope  we  may  also  add  of  science,  upon  a 
nation  which  depends  so  essentially  for  its  prosperity  and  even 
safety  upon  the  progress  of  improvement  in  every  branch  of 
intellectual  exertion,  I  cannot  but  express,  on  my  own  part 
and  on  that  of  my  colleagues,  our  earnest  hope  that  your  Lord- 
ship will  reconsider  your  views  of  the  object  of  pensions,  and 
refrain  from  exacting  conditions  for  their  enjoyment  which 
cannot  be  otherwise  than  painful  to  all  who  have  a  high  sense 
of  the  dignity  of  their  pursuits,  and  may  possibly  be  considered 
as  tending  to  degrade  it 

"  I  remain,  &c. 

"  WROTTESLEY." 
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Note  referring  to  the  Lectures  on  Steam  and  High-pressure 

Boilers. 

THE  following  useful  Circular,  addressed  by  the  Lords  Com- 
missioners of  the  Admiralty  to  tho  Commanders- in-Chief, 
Captains,  Commanders,  &c.  of  Her  Majesty's  Navy,  is  so  ex- 
ceedingly appropriate  and  so  much  to  the  purpose,  in  regard  to 
the  management  of  high-pressure  steam  boilers,  that  I  cheer- 
fully transcribe  it  for  the  use  of  those  to  whom  the  manage- 
ment of  these  vessels  is  entrusted. 


On  the  Care  and  Management  of  High-pressure  Tubular  Marine 

Boilers. 

Several  ships  and  vessels  having  been  recently  fitted  with 
high-pressure  tubular  boilers,  and  no  experience  having  yet 
been  obtained  in  the  working  of  such  boilers  with  salt  water, 
their  Lordships  desire  all  officers,  under  whose  command  these 
vessels  may  be  placed,  to  impress  on  the  engineers  the  necessity 
of  paying  more  than  ordinary  attention  to  the  boilers  under 
their  charge,  both  in  maintaining  the  proper  heights  of  water, 
and,  by  adequate  blowing  off,  in  keeping  the  degree  of  saltness 
below  that  which  in  low-pressure  boilers  would  be  no  serious 
injury. 

Even  when  full  speed  is  required,  these  matters  must  be 
regarded  as  of  paramount  importance ;  for  any  neglect  may 
cause  an  amount  of  permanent  injury  to  the  boilers,  which 
would  far  outweigh  the  temporary  advantages  of  a  slight  addi- 
tional speed;  and,  until  some  experience  has  been  obtained  in 
the  practical  working  of  them,  the  most  careful  and  frequent 
attention  is  required  to  ascertain  with  accuracy  the  degrees  of 
saltness  which  the  water  has  acquired,  and  which,  at  its  utmost, 
should  not  exceed  twice  that  of  sea- water.  When,  however, 
the  vessel  is  stopped,  or  is  working  at  reduced  speed,  the  oppor- 
tunity should  not  be  neglected  to  change  the  water  in  the  boilers 
by  increased  blowing  off,  and  by  an  ample  supply  of  feed-water ; 
and  thereby  to  reduce  its  saltness  as  much  as  possible. 
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Such  precautions  as  these,  as  well  as  never  opening  the 
safety-valves  suddenly  to  their  full  extent,  or,  at  starting,  ad- 
mitting the  full  quantity  of  steam  to  the  engines,  will  always  be 
necessary  to  keep  a  high-pressure  tubular  boiler  in  a  proper 
state  of  preservation  and  in  effective  working  order ;  but  they 
are  more  especially  necessary  before  experience  has  shown  the 
exact  practices  which  may  safely  be  adopted ;  and,  until  such 
experience  be  obtained,  the  question  of  saving  fuel,  and  all 
other  considerations,  must  be  regarded  as  of  secondary  im- 
portance. 

The  constant  attention  which  will  be  required  from  the 
engineers  in  charge  of  the  machinery  of  these  vessels,  and  other 
circumstances,  will,  probably,  at  times,  impose  on  them  an 
unusual  amount  of  labour  and  responsibility;  but,  as  many  of 
the  boilers  are  precisely  similar,  the  effect  of  judicious  and 
careful  management  will  be  evident  after  a  short  time ;  and 
their  Lordships  will  not  fail  to  mark  with  their  approbation 
those  officers  who  have  best  performed  their  duty. 

By  command  of  their  Lordships, 

R.  OSBOKNE. 

To  all  Commander s-in- Chief,  Captains, 
Commanders,  and  Commanding  Officers 
of  Her  Majesty's  Ships  and  Vessels. 


Note  on  the  Consumption  of  Fuel  and  the  Prevention  of  Smoke. 

Mr.  Anderson,  Inspector  of  Machinery  at  the  Royal  Arsenal, 
Woolwich,  having  published  a  small  pamphlet  entitled  "  Re- 
marks on  Steam  Boilers  and  Furnaces/'  I  deemed  his  instruc- 
tions to  stokers  and  enginemen  of  such  importance  as  to  give 
them  a  place  as  a  supplement  to  the  Lecture  "  On  the  Con- 
sumption of  Fuel  and  the  Prevention  of  Smoke." 

They  are  as  follows :  — 

"  1.  Stokers  should  understand  that  they  are  not  to  make 
a  business  of 'stoking/  but  to  leave  it  off  entirely,  excepting 
only  when  -preparing  to  clear  out  the  grate  from  clinkers  and 
rubbish,  which  requires  to  be  done  generally  three  or  four 
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times  a  day  with  average  qualities  of  coal ;  convenient  times 
being  chosen  for  the  purpose,  when  there  is  least  demand  for 
steam. 

"  2.  A  fireman's  business  is,  first,  to  see,  before  the  fire-door 
is  opened,  that  no  coal  is  left  in  the  heap  ready  for  going  on, 
bigger  than  a  man's  fist,  and  that  the  very  small  coal  or  slack 
is  wetted,  or  at  least  damp,  as  well  as  a  little  water  always  in 
the  ash-pit.  Then  begin  by  charging  into  the  farther  end  of 
the  furnace,  reaching  to  about  one-third  the  length  of  the 
grate  from  the  bridge,  as  rapidly  as  possible,  from  a  dozen  to 
twenty  or  thirty  spadesful  of  coals,  until  they  form  a  bank, 
reaching  nearly,  or  quite,  up  to  the  top  of  the  bridge  ;  and  then 
.  shut  the  fire-door,  until  the  other  fires,  if  there  are  any,  aro 
served  in  the  same  way. 

"  3.  In  firing  up,  throw  the  coals  over  the  rest  of  the  grate, 
by  scattering  them  evenly  from  side  to  side,  but  thinner  at  the 
front,  near  the  dead  plate,  than  at  the  middle  or  back.  In  this 
manner,  keep  the  fuel  moderately  thick  and  level  across  the 
bars,  but  always  thicker  at  the  back  than  the  front,  not  by 
pushing  the  fire  in,  but  by  throwing  the  coals  on  exactly  where 
and  when  they  are  wanted. 

"  4.  Never  for  a  moment  leave  any  portion  of  the  bars  un- 
covered, which  must  be  prevented  by  throwing  or  pitching  a 
spadeful  of  coals  right  into  any  hollow  or  thin  place  that 
appears ;  and  always  remember  that  three  or  four  spadesful 
thrown  quickly  one  on  the  top  of  the  other  will  make  no  more 
smoke  than  one,  and  generally  less.  But  all  depends  upon 
doing  it  quickly;  that  being  the  main,  if  not  the  only  point  in 
which  freedom  from  smoke  and  great  economy  of  fuel  agree. 
Some  firemen  only  putting  on  three  spadesful,  while  another 
can  put  on  four,  and  make  twenty  per  cent,  more  steam  in  the 
same  time  by  doing  it. 

"5.  In  replenishing  the  fire,  take  every  opportunity  of 
keeping  up  the  bank  of  fuel  at  the  bridge,  by  recharging  it, 
one  side  at  a  time.  Whenever  this  bank  is  burnt  entirely 
through,  or  low,  and  also  when  the  fire  is  in  a  low  state  gene- 
rally, take  the  rake  and  draw  back  the  half  burnt  fuel  twelve 
or  eighteen  inches  from  the  bridge,  and  recharge  fresh  coal 
into  its  place,  upon  the  bare  fire-bars  as  at  first." 
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The  following  are  a  few  hints  on  the  general  management  of 
boilers :  — 

"61.  Observe  that  the  supply  of  feed-water  is  uniform  and 
regular,  and  not  let  in  by  fits  and  starts. 

"  62.  Let  no  steam  blow  off  at  the  safety-valves,  as  that  is 
equal  to  money  blown  away. 

"  63.  Any  heat  passing  from  the  boilers  through  radiation,  is 
the  same  as  money  thrown  into  the  sea,  and,  at  the  same  time, 
is  unhealthy  for  the  attendants. 

"64.  Ascertain  that  there  are  no  crevices  letting  cold  air  into 
the  flues,  but  through  the  fires,  as  this  affects  the  draft,  and 
without  a  good  draft  there  is  no  prevention  of  smoke. 

"  65.  See  that  every  ounce  of  fuel  does  its  full  duty,  and  that 
no  valuable  cinders  are  removed  with  the  ashes. 

"66.  Let  the  steam  be  always  up  to  the  required  pressure  by 
the  hour  of  starting.  This  is  very  important,  as  the  loss  of 
five  minutes  per  day,  where  hundreds  are  employed,  amounts 
to  a  large  sum  in  a  twelvemonth. 

"67.  Remember  that  you  are  intrusted  with  the  care  of 
valuable  property,  and  that  a  little  carelessness  on  your  part 
may  involve  an  amount  of  damage  which  you  cannot  repay, 
or  even  that  which  is  of  greater  importance,  the  destruction  of 
human  life." 

Inspector  of  Machinery's  Office,  Royal  Arsenal, 
January  1st,  1856. 
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Air  engines,  131. 
Anthracite,  176. 

Association  for  the  prevention  of 
boiler  explosions,  82,  350. 

Beams,  experiments  on,  304. 

Blast  of  locomotives,  161. 

Boilers,  construction  of,  29 ;  strength 
of,  35,  155,  333  ;  section  of  least 
strength,  38 ;  thickness  of  plates, 
37,  40,  156  ;  proportions  of  ma- 
terial of,  in  external  shell,  43, 
156;  in  flues,  46  ;  flues,  experi- 
ments on,  and  formulae  for,  44, 
156;  total  strain  on,  47;  explo- 
sions, 55  et  seq.  ;  forms  of,  76, 
double  flued,  71,  208;  materials 
of  construction,  135;  proportion; 
of  heating  surfaces,  158,  182,  178, 
212  ;  management  of,  372,  376. 

Boiler  explosions,  formulae  for  recoil; 
48  ;  at  Rochdale,  341. 

Bridge,  admission  of  air  at,  187,  21 1. 

Cast-iron,  resisting  powers,  224. 
Coal,  constituents  of,  173,  199. 
Collapse,  laws  of,  44,  68. 
Combustion,  160,  190. 
Copper,  tenacity  of,  1 38. 
Cotton,   growth  of    manufacture  of, 
13. 

Density  of  steam,  97,  1 17. 
Dilatation  of  gases,  100. 

Education  of  artisans,  6,  10,  19. 

Explosions,  hydrogen  theory,  55,  64  ; 
causes  of,  57  ;  from  accumulated 
pressure,  58 ;  from  incrustation, 
60  ;  from  deficiency  of  water,  63  ; 
spheroidal,  theory  of,  66;  from 


collapse,  68 ;  from  malconstruc- 
tion,  69 ;  from  mismanagement, 
73  ;  remedies  of,  75  ;  association 
to  prevent,  82. 

Feed  water,  heating  of,  125. 

Fire-boxes,  locomotive,  50,  147. 

Flat  ends  of  boilers,  52,  338. 

Flues  of  boilers,  prevailing  ignorance 
respecting,  44;  experiments  on 
and  formulae  for,  table  of  propor- 
tions, 46,  52. 

Fuel,  composition  of,  173,  199. 

Furnace,  proportions  of,  178. 

Fusible  plugs,  76. 

Government  aid  to  science,  115. 
Grate  bar,  surface,  158,  178. 
Green's  fuel  economiser,  125. 
Gussets,  53. 

Heat,  dynamic  theory  of,  128. 

total  and  latent,  91,  101. 
Hould&worth? 's  experiments,  185. 
Hydrogen)  production  in  boilers,  55, 

64. 

Incrustation  in  boilers,  60. 
Irk  explosion,  62. 

Joints,  34,  145,  266, 
Joule's  equivalent,  128, 

Latent  heat,  theory  of,  91,  101. 

Mariotte's  law,  98,  1 OO, 
Materials,  strength  of,  138. 

Prideaux  on  fuel,  200. 
Principles,    importance   of   acquain- 
tance with,  2. 
Pumps,  64,  164. 
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Pyrometer,  185. 
Recoil,  formula  for,  49. 
Regnaulfs  experiments,  100,  103. 
Rochdale  explosion,  341. 

Self-acting  machines,  22. 

Self-educated  men,  20. 

Ship  building,  223. 

Shot,  effect  of,  on  our  iron  vessels, 
229,  365. 

Siemen's  engine,  131. 

Smoke,  prevention  of,  1 90,  1 95,  205, 
217,  353,  373. 

Stays  of  locomotive  boilers,  146,  321, 
338. 

Steam,  properties  of,  87  ;  density  of, 
97,  114;  ratio  of  temperature  and 
pressure,  96,  99,  113;  formation 
of,  87  ;  total  heat  of,  101  ;  super- 
heated, 107;  specific  volume  and 
weight  of,  118;  worked  expan- 
sively, 125,  165. 

Temperature  of  furnaces,  1 84  ;  effect 
en  tenacity  of  iron,  30,  1 52. 


Tenacity  of  boiler  plates,  30,  138, 
252,  313;  of  riveted  joints,  34, 
266;  of  copper,  138;  of  cast-iron, 
138. 

Tremblty's  steam  and  other  engines, 
131. 

Valves,  safety,  59,  163  ;  lock  up,  78. 

Vanguard,  injuries  sustained  by,  369. 

Vapour,  elastic  force  of,  111. 

Vessels,  iron,  strength  and  form,  238  ; 
security  of,  242,  369  ;  durability 
of,  245  ;  frames  and  ribs,  292. 

Water,  density  and  properties  of,  9O; 
causes  of  increase  of  bulk  in 
freezing,  90  ;  phenomena  of  ebul- 
lition, 93 ;  spheroidal  condition, 
66. 

Williams  on  economy  of  fuel,  187, 
200. 

Woolf's  system,  126. 

Wrought  iron,  tenacity  of,  252,  313  ; 
riveted  joints,  266 ;  resistance  to 
pressure,  287. 
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